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ABSTRACT

Accurate metrology of nanostructures gains more and more importance and for efficiency reasons optical meth-
ods play a significant role here. Unfortunately, conventional optical microscopy is subject to the well-known
resolution limit. The necessity to resolve objects smaller than this limit led to the development of superresolu-
tion methods which however are barely used in metrology for practical reasons. Non-imaging indirect optical
methods like scatterometry and ellipsometry however are not limited by diffraction and are able to determine
the critical dimensions of nanostructures. We investigate the application of different approaches for specifically
manipulated near-fields in Mueller matrix ellipsometry to achieve an enhanced sensitivity for polarization based
sub-wavelength topological information. To this end, we present first numerical simulations of these approaches.
To examine the relationship between structural properties and Mueller matrix elements we designed individual
structures based on geometrical shapes of varying parameters as well as small arrays. They are realized by lithog-
raphy as holes in PMMA resist. First, we characterize SEM images of the structures to validate the fabrication
process. Numerical simulations of the Mueller matrices of the structures by finite element method are discussed.
Results indicate that conventional Mueller matrix ellipsometry alone is unsuitable but the extension to imaging
Mueller matrix microscopy is promising for the characterization of sub-wavelength features.
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1. INTRODUCTION

Semiconductor industries are one of the most important economic sectors today. With the ongoing advances in
the fabrication of nanostructures, transistors and chips get smaller and smaller, reaching just a few nanometers
in length.1–3 But as fabrication techniques emerge, the characterization of nanostructures remains an important
task more than ever. To ensure the correct fabrication of structures such small, highly precise measurement
methods are required. While atomic force microscopy (AFM) is accurate but unsuited for the characterization
of large areas, and scanning electron microscopy (SEM) is fast but expensive and potentially destructive, op-
tical techniques enable fast, non-invasive measurements of large sample areas.4,5 Unfortunatly, conventional
microscopy faces the resolution limit which is often associated with the Rayleigh criterion:6

r =
0.61λ

NA
, (1)

which defines the smallest distance r between two objects that can just be observed seperately by light of the
wavelength λ in a system with the numerical aperture NA. For any optical system, it is impossible to resolve
objects that are closer to each other than this smallest distance. However, modern technology readily enables
the fabrication of structures that are way smaller than this limit. The demand to characterize these structures
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Figure 1. Numerically simulated images of selected Mueller matrix elements for a circle and a square structure of the
same width, taken from Ref. 16.

lead to the development of superresolution microscopy methods. A quite recent as well as prominent example
is the so-called stimulated emission depletion microscopy (STED) which was honored with the Nobel Prize in
Chemistry 2014.7 The working principle of STED relies on the depletion of fluorescent regions with a torus-
shaped excitation spot while the area inside the torus is still active. This leads to a modification of the resolution
limit and allows spatial resolution down to a few tens of nanometers in the far field.8 However, the intensity
needed for the depletion can lead to photobleaching of the needed fluorophores. Moreover, the necessity of
fluorophores in the first place makes this technique impractical in non-biological applications, particularly in
metrology. In fact, many other super-resolution methods like photo-activated localization microscopy (PALM)
or stochastic optical reconstruction microscopy (STORM) rely on the presence of fluorophores as well.9,10 In
contrast to common microscopy methods, ellipsometry is an indirect optical measurement technique. It makes
use of the otherwise obstructive diffraction and is already widely used to characterize dimensions down to a
few Ångström.11,12 As it is not inherently limited by diffraction, ellipsometry is a promising candidate for new
ways in terms of optical characterization. Especially Mueller matrix ellipsometry, which determines the Mueller
matrix that describes the polarization properties of the sample, offers many opportunities for the metrology of
nanostructures.13–15 Numerical simulations of Mueller matrix images of basic geometric structures have shown
that off-diagonal matrix elements present enhanced sensitivity to sub-wavelength features compared to their
overall intensity.16 An example for this is outlined in Figure 1, where two individual nanostructures, a circle
and a square, cannot be distinguished well by their intensity image alone, but show clearly distinctive features
in their off-diagonal Mueller matrix elements. Our goal is to exploit this behaviour in advanced ellipsometry
setups for measurements beyond the classical resolution limit. In order to further enhance the sensitivity to
sub-wavelength features, we want to combine the setup with approaches of shaped and manipulated near fields
by placing specially designed nanostructures in the vicinity of the sample. Our current approach concentrates
on the use of planar plamonic lenses as a near-field focusing tool.

In Section 2 we describe the working principle of basic planar plamonic lenses. Additionally, we present design
examples for the application of plasmonic lenses in ellipsometry setups at visible wavelengths. The reference
structures that we designed are presented in Section 3. Their choice and fabrication are discussed and evaluated
by characterization of SEM images. Afterwards, in Section 4 numerical simulations of the reference structures
are discussed.

2. PLASMONIC LENS APPROACH

The optical near-field contains a not negligible amount of high spatial frequency information about the topology
of the sample under investigation. Unfortunately, the near-field decays exponentially with the distance from the
sample and is hard to measure therefore. One technique that captures the otherwise lost information by scanning
a small tip close to the sample is the near-field scanning optical microscopy (NSOM). However, scanning processes
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are often time consuming and the production of suitable tips can be cumbersome. Other approaches to enhance
the resolution rely on so-called superlenses, which are metamaterial based lenses that reach resolutions beyond
the classical limit. For some years, plasmonic lenses are promising objects of research and feature innovative
developments to this day.17–21 These lenses are capable of focusing light with very small spot sizes, smaller than
the incident wavelength. For this reason, we investigate ways to implement such a plasmonic lens into a Mueller
matrix ellipsometry setup to gain higher resolution.

2.1 Theoretical Framework

A planar plasmonic lens typically consists of a slab of a material with negative permittivity like metal surrounded
by a material with a positive permittivity like air and several slits through the slab like depicted in Figure 2.22,23

The thickness of the slab typically does not exceed the wavelength of the incident light and the width of the slits
lies in the range of 30 to 200 nm. When the slab is illuminated by transverse magnetic (TM) polarized light
at the wavelength λ0, surface plasmon polaritons (SPPs) may be excited which travel along the surface of the
metal.17 While the slits are too narrow for light to transmit efficiently, SPPs may propagate through the slits
as waveguide modes. Their propagation β is proportional to the width w of the corresponding slit:24

tanh

(
w

2

√
β2 − k20εd

)
= −εd

√
β2 − k20εm

εm
√
β2 − k20εd

, (2)

where εm and εd are the relative permittivity of the metal and the dielectric in the slits, respectively, and k0 = 2π
λ0

is the vacuum wavenumber. After passing the slit, the SPPs transform back into propagating waves. Hence, a
set of slits of different widths can be designed which generate a phase delay φ on the other side of the metallic
slab, essentially depending only on the thickness d of the slab:17

φ = β · d. (3)

By choosing a set of slits of varying widths, like illustrated in Figure 2, it is possible to create a phase distribution
that leads to a curved wave front and by this in a focal spot. To achieve this, the phase delay has to obey the
following dependence on the position x on the slab:17

φ(x) = 2nπ +
2πf

λ0
− 2π

√
f2 + x2

λ0
, (4)

where f is the desired distance between the lens and the focal spot, the focal length, and n ∈ N. The propagation
β can be calculated using this equation. Thereby, the required slit width w to achieve the corresponding phase
delay in dependence of the position x can be obtained.

d

f

Figure 2. Basic structure of a planar plasmonic lens, built from a metallic slab (gray) with several slits. Light propagates
faster through wider slits, resulting in a curved wavefront.
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2.2 Lens Design

We used the principle outlined in Section 2.1 to design plasmonic lenses for different wavelengths from the visible
to the near-infrared range and for different focal lengths. To verify the optical functionality of the designs, we
performed numerical simulations using JCMsuite, a finite element method (FEM) tool.25 Figure 3(a) and (b)
show two examples for plasmonic lenses made of iridium for different wavelengths and a focal length of 5 µm. As
SPPs are TM modes, the real part of the intensity of the magnetic field is depicted. The focal spots are clearly
visible and their full widths at half maximum (FWHM) are smaller than a third of the incident wavelength. The
focal length was chosen for practical reasons as larger focus lengths would be possible but accompanied with
large computational costs. As a brief remark: As one-dimensional lines, these lenses would behave like perfect
linear polarizers as only TM polarized light can exite SPPs. Additionally, they would focus like cylindrical lenses.
However, when arranging the slits as rings of different widths, the polarisation of the incident light would be
irrelevant and they would produce a focal spot like a spherical lens.

The classic planar plasmonic lens consists of a metallic slab with several small slits. As the production of
such lenses can be challenging, especially for thicker slabs, we developed another lens design which is presented
in Figure 4. Instead of a purely metallic slab, the lens now mostly consists of air. The slits were replaced by fins
which are made of the substrate dielectric, preferably silica (SiO2). The sidewalls of these fins are coated with a
metal. The SPPs now do not propagate through slits of air but through the dielectric fins. Their propagation is
ensured by the metallic coating which needs to be at least as thick as the penetration depth of the SPPs which
corresponds to the skin depth at the metal-dielectric interface:26

Figure 3. Examplary plasmonic lenses, cutout of intensity images. Lenses are located in the top of the images and light
is send through them from the top. (a) Plasmonic lens for visible light (λ = 532 nm), iridium slab thickness d = 370 nm.
The FWHM of the focal spot is not larger than 160 nm. (b) Plasmonic lens for infrared light (λ = 1550 nm), iridium slab
thickness d = 950 nm. The FWHM of the focal spot is not larger than 480 nm. (c) Inverted plasmonic lens for visible
light (λ = 532 nm), focallength f = 5 µm and fin height d = 300 nm. The FWHM of the focal spot is not larger than
200 nm. (d) Inverted plasmonic lens for infrared light (λ = 1550 nm), focallength f = 10 µm and fin height d = 900 nm.
The FWHM of the focal spot is not larger than 600 nm.
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Figure 4. Inverted plasmonic lens design.

z =

√
<(εm) + εd

ε2m

1

k0
. (5)

This way, interaction between adjacent fins is prevented as well. The substrate between the fins also needs to be
capped with a layer of metal to prevent direct transmissions which would interfere with the SPPs. This design
is easier to fabricate as fins in a dielectric are usually easier to etch than slits in several hundreds of nanometers
of metal. The metallic coating can quite easily be realised by means of atomic layer deposition. Figure 3(c)
and (d) present two examplary inverted plasmonic lens designs for the application at visible (λ = 532 nm) and
infrared (λ = 1550 nm) wavelengths, similar to the classic designs in Figure 3(a) and (b). The substrate material
for both lenses is SiO2 and for the metallic cap and sidewalls iridium was chosen for fabricational reasons. The
coating is 35 nm thick and therefore larger than the penetration depth of the SPPs. The FWHM of the focal
spot is still smaller than the wavelength of the incident light for both lenses. However, despite a similar design,
the intensity of the focal spot decreased in comparison to the classic design. This is most likely due to the SPPs
now propagating through SiO2 instead of air. Additionally, the design process for this kind of lens is still open
for optimization.

3. REFERENCE SAMPLE DESIGN

The plasmonic lenses presented in Section 2 are planned to be used in an advanced Mueller matrix ellipsometry
setup. This setup aims to obtain information about spatial features smaller than the wavelength of the incident
light by evaluating the Mueller matrix. To get a deeper understanding of how certain elements of the Mueller
matrix are connected to changes in the geometry of the structure, we intend to use particular references that are
presented in this section.

3.1 Structure Properties

In order to understand the relationship between structural properties and the elements of the Mueller matrix, we
designed a set of individual nanostructures, consisting of basic geometrical shapes of varying parameters. The
shapes are depicted in Figure 5. In the style of the work by Kerwien16 illustrated in Figure 1 we chose basic
square and circle shapes with different sizes (B and C) as well as squares presenting corner rounding of different
radii (A) to emulate the transition from a square to a circle. The structures are meant to be individual which
means that they are spaced by several millimeters to the next structure on the wafer later on to prevent any
interactions. Apart from these individual structures, we are interested in the influence of small arrays with only
a few structures (D). We fabricated these structures as holes in polymethylmethacrylate (PMMA) resist on a 100
mm silicon wafer using electron beam lithography. Following the work by Kerwien16 the holes are 100 nm deep.
Silicon was chosen as a substrate material to enable ellipsometric measurements in reflection. With the holes
being in the resist on top of the silicon substrate, we retain the option to later on etch the holes into the substrate
to perform the same measurements with holes in silicon. A first test sample containing fields with different dose
factors was processed to optimize lithography fabrication parameters. This sample is shown in Figure 6. The
influence of the dose factor on the size of the fabricated structures was examined and is discussed Section 3.2.
Additionally, structural parameters are varied over the fields of the sample. The ’A’ labeled rows contain square
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structures with a width w of 5 µm and varying corner radii rc. The square structures in the ’B’ labeled rows as
well as the circle structures in the ’C’ labeled rows vary in size w or in radius r, respectively. The small arrays
in the ’D’ labeled rows are made up of N2 square structures of width w = 1 µm and with different pitches Λ
between the structures. Each field on the wafer is divided in nine equal sections for comparison as shown in
Figure 6. The sections in the upper half of the wafer, apart from the ’D’ labeled row, contain nine structures,
each one processed with a different dose factor. The sections in the lower half of the wafer contain only one
structure each. Between the sections as well as between the fields, cross marks for localizing the structures are
placed. The specifications of the structure parameters are listed in Table 1.

rc

w

r

Λ

A B C D

Figure 5. Basic geometrical shapes of the reference structures.

Figure 6. First test sample. The complete wafer (a) and a microscope image of field A1 on the upper half of the wafer
(b). The sections are processed identically and contain nine structures each fabricated with different dose factors.

Table 1. Structure specifications of the designed reference structures.

1 2 3 4 5 6 7 8 9 10

A rc / nm 100 150 200 300 400 500 750 1000 1500 2000

B w / nm 50 70 100 200 250 500 750 1000 1500 2000

C r / nm 25 35 50 100 125 250 375 500 750 1000

D N, Λ / µm 1, - 2, 10 3, 10 4, 10 - 1, - 2, 20 3, 20 4, 20 -
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3.2 SEM Sample Characterization

In the electron beam lithography fabrication process, structures were produced with varying dose factors to
determine which factor leads to an ideal shape concerning structure size as well as corner radius. Scanning
electron microscope (SEM) images of the structures were made to examine the influence of the dose factor on
their shape. Figures 7 and 8 present some examples of these SEM images. As more than 5000 SEM images
were made in the process, the characterization of these images was automated using a custom written Python
3.6 script. The script uses the Canny edge detection algorithm and the Hough transform implementation of the
scikit-image package27–29 to detect edges in the SEM image which were used to determine the dimensions of the
structures. In the beginning, the Canny edge detection algorithm was used to obtain a binary image containing
only edge points. For the square like structures (A, B, and D), their size was determined by performing a Hough
line transform on this image to detect straight lines. An example is shown in Figure 9(b). Afterwards, the mean
distances between vertical and horizontal lines were calculated, respectively. To detect edge points that belong
to rounded corners like the one in Figure 9(a), the deviation from the second derivation of the edge points lateral
position along the straight edges was evaluated until it was larger than a certain threshold value. The corner
points chosen this way as well as the circle structures (C) were then fitted to a circle. An example for such a
least squares fit circle is shown in Figure 9(c).

Apart from the methods presented here, another evaluation method by Frase et al. which is based on a
physical model of the edges and their appearance in SEM images was considered.30 However, the differences
in the many images processed with varying dose factors were large enough so that the great accuracy of this
method was set aside in favour of a higher speed of evaluation. Apart from that, the algorithm of Frase et al.
only deals with the measurement of line widths but does not allow the evaluation of circles or curves.

Concerning the dose factors, small factors lower than 1.5 proved to be best suited for the fabrication of the
structures. For the small squares (B) and circles (C) with sizes below 100 nm, the electron beam lithography
process came to its limits and was not able to correctly realise the desired structures. Especially the square
structures turned out to rather be circles in this size range. Therefore, these structures will be produced by
another lithography technique later on. Anyway, apart from their appearance, their overall size could be reached
best with dose factors between 1.5 and 2.0 in this size range. For much larger structures, a factor of 1.0 was
usually sufficient. However, the process often seems to exceed the desired corner radii of the rounded squares
(A). Especially for smaller radii, the correct fabrication of rounded corners seems challenging. Thermal scanning
probe lithography, which is going to be used for the smaller structures later on, would probably be suited for the
fabrication of the rounded corners as well.

Figure 7. Examples for SEM images of a square presenting corner rounding (a) and a square (b) structure of the fabricated
test sample.
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Figure 8. Examples for SEM images of a circle (a) and an array (b) structure.

Figure 9. Examples for evaluated SEM images. (a) Rounded corner and the fit circle. Yellow lines indicate the points
were the detected corner starts. Each point between the lines was used to fit the circle. (b) Detected straight edges
(upper) and Hough space (lower) for a square structure. (c) Least squares fit of all edge points for a circle structure.

4. NUMERICAL SIMULATIONS

In order to correctly interpret ellipsometric measurements on the reference structures later on, it is necessary
to perform numerical simulations which can be used to conclude on the shape of the sample. Like with the
plasmonic lenses, we perform these simulations using JCMsuite. As an example, the mesh created for the
numerical simulations of an individual square structure with corner rounding is depicted in Figure 10. The
two-fold mirror symmetry of the structure was exploited to save computational costs. The Mueller matrix of
this 5 µm sized structure was simulated for different radii of the corner rounding using a plane wave at λ = 532
nm wavelength and θ = 30◦ angle of incidence. A corner radius of 0 nm represents a perfect square with no
corner rounding whereas a radius of 2500 nm means that the square degenerates into a circle. Figure 11 shows
a first test of a simulated Mueller matrix depending on the corner radius of this structure in a transition from
a square to a circle. As the whole structure was illuminated and the overall reflection was detected, the figure
shows an accumulated result for the whole simulated area. The matrix elements are normalized to the first
matrix element m00. As expected, the elements on the main diagonal lie close to 1 and -1 whereas off-diagonal
matrix elements tend to lie around 0. This indicates no significant influence of the structure to the polarization
of the incident light. Small influences of the corner rounding can be interpreted into the curve progression of
some matrix elements for small radii, for example m12 or m21. In these elements, with increasing corner radius
an increasing tendency can be observed. The trend decreases at a radius of about 1 µm and later increases
again at about 2 µm. Similar tendencies can be observed in other elements like m02 or m23, too. However, these
progressions are governed by numerical inaccuracies due to a not yet fully optimized simulation process. These
inaccuracies matter for example in m30, where it is hard to decide whether the trend stems from genuine form
effects or is rather induced by noise. These insecurities can be sorted out by simulations at higher precisions and
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Figure 10. Mesh for a corner rounding structure, generated by the JCMwave software.

-1,0-0,50,00,51,0 m00 m01 m02

-1,0-0,50,00,51,0m03

-1,0-0,50,00,51,0 m10 m11 m12

-1,0-0,50,00,51,0m13

-1,0-0,50,00,51,0 m20 m21 m22

-1,0-0,50,00,51,0m23

0,0 0,5 1,0 1,5 2,0 2,5-1,0-0,50,00,51,0 m30

0,0 0,5 1,0 1,5 2,0 2,5

m31

0,0 0,5 1,0 1,5 2,0 2,5

m32

0,0 0,5 1,0 1,5 2,0 2,5 -1,0-0,50,00,51,0

m ij / m 00

m33

Corner Radius / µm
Figure 11. Preliminary Mueller matrix simulation for a square structure depending on corner radius at wavelength
λ = 532 nm and 30◦ incidence. The detection was assumed to be in reflection on the opposite side of the sample in a
30◦-cone around the angle of reflection.

thereby higher computational costs. Additionally, simulations at other azimuthal angles, for example along the
diagonal of the sample, would provide more information about the form influence on the matrix elements. Apart
from that, it is still not possible to directly connect the Mueller matrix elements to the influence of the corner
rounding alone as in this configuration, the Mueller matrix represents the whole structure and was obtained for
a rather large acceptance angle. It is important to measure the scattered field in an angular range as broad
as possible to obtain high spatial frequency information, but typical experimental setups will allow only small
acceptance angles. These setups might be able to scan the half space above the sample in order to obtain more
information, but this method is rather slow and would require additional post-processing. The results illustrate
that an imaging ellipsometry setup to measure the Mueller matrix for each point in a microscope image in the
style of Figure 1 is necessary to correctly connect features like the corner radius to progressions in the measured
matrix elements. A microscopy imaging setup with a high numerical aperture would allow the measurement of
the Mueller matrix spatially resolved at a high acceptance angle in a fast way. Additionally, support structures
like the plasmonic lenses presented in Section 2 that further enhance the sensitivity of the ellipsometer to high
spatial frequencies would be beneficial to implement.
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5. CONCLUSION

In this contribution, we presented a new design concept for plasmonic lenses complying fabricational difficulties
and discussed their application in future advanced Mueller matrix ellipsometry setups. The design relies on metal
coated dielectric fins for the propagation of SPPs. To this end, the focal spots that can be achieved are of lower
intensity than for their classic counterparts, but their FWHM is still smaller than the incident wavelength and the
final design will be further optimized. Furthermore, a set of reference structures has been design, fabricated and
evaluated. As concluded from the SEM images, depending on the structure size, a dose factor of 1.0 to 1.5 would
be sufficient for the correct fabrication of the structures. On the basis of these investigations, a final reference
sample will be fabricated that is going to be used for reference measurements in the advanced ellipsometry setup.
First numerical simulations of the reference structures show that a single Mueller matrix measurement of the
whole structure alone is insufficient for the classification of geometrical features. Instead, a microscopical imaging
setup would be needed in combination with support structures like the presented plasmonic lens to make effects
in off-diagonal Mueller matrix elements more prominent.
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