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Summary

This PhD thesis deals with fabrication and characterisation of plasmonic nanostructures.
The first part begins with short introduction into plasmonics following with description
of methods, that are nowadays used for plasmonic nanostrucuture fabrication and char-
acterisation. The second part of the thesis focusses on experiments, that have been done.
The first one explores possibilities for application of variable pressure electron beam lith-
ography for fabrication of plasmonic nanostructures on non-conductive substrates which
can be useful for easy prototyping structures for the visible region. The next section dis-
cusses some aspects of fabrication of large plasmonic microstructures in the terahertz re-
gion using Electron beam lithography. The last part is dedicated to functional properties
of plasmonic nanostructures, especially to quantitative characterization of far-field phase
induced by plasmonic nanostructures and their applications in the field of optical meta-
surfaces - artificially designed surfaces, that can be used as planar optical components.
The characterization is done using off-axis holographic microscopy. Different experimen-
tal approaches with respect to this technique are demonstrated and discussed.
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Abstrakt

Tato dizertční práce se zabývá výrbou a charakterizací plasmonických nanostruktur. Její
první část začíná krátkým úvodem do plasmoniky s navazujícím přehledem metod, které
jsou v dnešní době nejčastěji používány k výrobě a charakterizaci plasmonických nanos-
truktur. Druhá část se pak zaměřuje na samotný výzkum, který byl v rámci PhD stu-
dia realizován. Cílem prvních experimentů bylo prozkouat možnosti použití elektronové
litografie za variabilního tlaku v procesní komoře pro výrobu plasmonických nanostruk-
tur na nevodivých substrátech jako je např. sklo. Jelikož se jedná o materiály, které jsou
velice často používány k přípravě plasmonických struktur pacujících v oblasti viditelného
světla. Druhá sekce pak diskutuje některé specifické aspekty přípravy plasmonických
mikrostruktur elektronovou litografií pro THz oblast. Poslední část se pak zaměřuje na
funkční vlastnosti plasmonických nanostruktur, převážně pak na kvantitativní charakteri-
zaci fáze dalekého pole indukovaného plasmonickými nanostrukturami a jejich aplikacemi
v oblasti optických metapovrchů - uměle připravených povrchů, které mohou být použity
jako planární optické komponenty. Práce demonstruje a diskutuje různé experimentální
přístupy použití mimoosové holografické mikroskopie pro jejich charakterizaci.
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1 Introduction
Plasmonics studies optical properties of metal-dielectric interfaces. Such interfaces can
act as a waveguide for a special type of electromagnetic waves - surface plasmon polaritons
(SPP) [1]. These waves are highly confined to the metallic surface where their propagation
is realized by collective oscillations of free electron gas in the metallic part. Excitation of
SPP waves is often complicated and requires a special 𝑘 vector matching techniques [2]
due to the specific SPP dispersion relation.

By restricting of the size of the metallic surface, it is possible to create a structure,
which acts as a resonator for SPPs. Such resonator acts in a similar way as resonators
known from acoustics (for an example guitar string). The excited plasmons travelling
through the resonator in one direction interact with plasmons reflected at its end. When
these waves meet with the same phase the resonance appears and the standing wave is
formed. The resonance condition can be written as [3]

𝛽𝑙 = 𝑚𝜋, (1.1)

where 𝑙 is the resonator length, 𝛽 plasmon propagation constant and 𝑚 = 1, 2, 3, … is the
resonance order. The propagation constant can be expressed as [1]

𝛽 = 2𝜋
𝜆

√ 𝜀m𝜀d
𝜀m + 𝜀d

, (1.2)

where 𝜆 is the illumination wavelength, 𝜀m is the dielectric function of the metal used for
resonator fabrication and 𝜀d is the dielectric function of surrounding dielectric environ-
ment. Unfortunately for some applications more advanced models have to be used [4–6].

This standing wave confined to some plasmonic resonator is often called localized
surface plasmon polariton (LSPP). As these resonators act in similar way as traditional
RF antennas transforming the far field energy into the resonator near field, they are often
called plasmonic antennas [7]. Plasmonic nanoantennas are usually dispersed in form
of colloids in some solution, trapped in space using optical tweezers, or suspended at
substrate [8].

Plasmonic nanoantennas find their use in many fields such as photovoltaics and en-
ergy harvesting [9], where they can be used as optical elements for guiding the light in the
semiconductor layer to increase their efficiency. The near field of plasmonic antennas is
enhanced, which is used in many spectroscopic methods such as surface enhanced Raman
spectroscopy (SERS) [10], or surface enhanced infrared absorption spectroscopy (SEIRA)
[11] to enhance the observed signal. Another application of plasmonic nanoantennas is
biosensing [12], where the dependence of resonance frequency on the index of refraction
of the surrounding material can be utilized to probe its changes. In field of metamateri-
als plasmonic metamaterials act as building blocks [13] where their abilities to influence
the amplitude and phase of light can be used to build materials with specific properties
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such as the negative refractive index [14]. Some authors recently proposed the use of plas-
monic antennas for their ability to filter some wavelengths as an alternative to traditional
pigments [8] where these effects can be utilized as optical security elements.

The thesis is divided into five chapters. It starts with description of some of the
common technical problems of the currently used fabrication technology (Electron Beam
Lithography) and proposes some solutions. The main part of the thesis focuses on char-
acterization of the plasmonic nanostructure phase properties using digital holographic
microscopy – a quantitative phase imaging technique, previously used mainly in biologi-
cal applications – cell dry mass imaging.
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2 Patterning large area plasmonic nanostruc-
tures using VP-EBL

Plasmonic nanostructures for applications working in the visible range are often fabricated
on non-conductive samples such as fused silica, quartz crystals, and others. EBL pattern-
ing of such substrates is often challenging as special treatment for charge dissipation is
needed. The commonly used workflow involves deposition of temporary conductive layers,
which have to be removed before the sample development. While such an approach present
the state-of-the-art option, it complicates the fabrication process adding several steps
increasing the probability of fabrication failure. In this context, alternative approaches
eliminating necessity to use auxiliary conductive layers are being actively developed1.

The variable pressure electron beam lithography (VP-EBL) is one of the most promis-
ing alternative candidates [15]. The technique itself is based on variable-pressure electron
microscopy, a technique routinely used for biological samples imaging. Such a technique
involves modification of the SEM column where an additional aperture is placed into the
objective lens allowing separation of the electron beam column and the sample chamber.
The aperture should be precisely centered in the objective crossover point in order to pre-
vent any unwanted cropping of the achievable view field. The next step is introduction of
a residual gas inside the chamber (typically N2 or H2O) at pressures ranging from 50 Pa
to 500 Pa. The aperture allows differential pumping keeping high vacuum inside the SEM
column while maintaining low vacuum in the sample chamber. When the primary elec-
tron beam hits atoms of the introduced gas, the atoms get ionized and interact with the
sample compensating the negative charge being built up on its surface. The imaging in
the low vacuum mode also needs special detectors, that are differentially pumped in order
to prevent any discharges between extraction grids. As the electron beam lithography is
the process very similar to SEM imaging same approach for charge dissipation during the
EBL on non-conductive samples can be used.

The VP-EBL technique has been originally demonstrated with the water vapour sys-
tem, which is typically used in biological imaging. Unfortunately, maintaining a constant
environment inside the SEM chamber with the water vapour system for long time is of-
ten very complicated. This chapter will describe experiments [16] which focused on using
nitrogen gas instead. As nitrogen is usually available in nanofabs and as it can be simply
dosed into the SEM chamber using dosing valves, it is an attractive alternative to water
vapor systems. Experiments were done in collaboration with colleagues from the Tescan
company and CEITEC.

1 based on J. Babocký, P. Dvořák, F. Ligmajer, M. Hrtoň, T. Šikola, J. Bok, and J. Fiala, Journal of
Vacuum Science & Technology B 34, 06K801 (2016)
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2.1 Sample fabrication
As a substrate for sample fabrication, we have chosen conventional microscope glass slides.
After the substrate cleaning in acetone and iso propyl alcohol, substrates were coated
by the poly-methyl metacrylate electron beam resist (molecular weight 950 000, 3% solu-
tion in ethyl lactate) using conventional spin coating. The resist was baked out for 90 s
at 150 °C. For VP-EBL exposures no other sample treatment was performed. Samples
were exposed using TESCAN Mira 3 environmental scanning electron microscope with
the DrawBeam pattern generator. The microscope is equipped with a low vacuum SE
detector, that was used for navigation and focusing on the sample surface prior to the
exposure. Unfortunately, the detector is pumped by its own turbo pump which can cause
mechanical vibrations that influence the beam position stability. In order to prevent the
vibration transfer during exposure, the turbo and detector were switched off during the
exposure. Samples were developed in methylisobutyl keton-iso propyl alcohol solution
(1:3) for 60 s and rinsed in iso propyl alcohol for 30 s. For comparison, another set of sam-
ples was prepared using conventional approach with conductive polymer. These samples
were coated by a 60nm layer of Electra 92 conductive polymer made by Allresist com-
pany after the resist baking step and exposed in the high vacuum mode (10−3Pa). The
conductive polymer was removed before resist development using deionised water. The
sample fabrication was finished by deposition of a thin titanium adhesion layer followed
by a 40 nm thick layer of silver and lift-off process in acetone.

2.2 Beam current
As the primary beam interacts with molecules of nitrogen gas inside the chamber, some
electrons are scattered causing decrease of current reaching the sample surface. In order
to carry out the exposure, we have at first measured the dependence of the absorbed
beam current on the chamber pressure. From the imaging experience we have concluded
to work in the pressure range 20 – 200 Pa. The results (see fig. 2.1) show that the current
linearly decreases as the pressure increases due to higher probability of collisions between
electrons of the primary beam and nitrogen atoms.

2.3 Test samples
With knowledge of the beam current dependence, we have focused on optimization of
VP-EBL process pressure and dose for fabrication of plasmonic nanoantennas on a glass
substrate. For these purposes, we choose 10x10 µm2 arrays of silver nanodiscs with a di-
ameter ranging from 50 to 150 nm and a thickness of 40 nm. The pitch between nanodiscs
was chosen as double of the diameter in order to keep the fill factor constant for different
arrays. We expected such structures to exhibit clear localised surface plasmon resonances
in the visible range, that should be easily observable as artificial colours by optical mi-
croscope. These arrays were exposed by different doses (300 – 450 µC/cm2) at pressures
ranging from 20 to 200 Pa (nitrogen atmosphere). The layout of the test structure is
shown in fig. 2.2.
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current on the chamber pressure, adapted from [16]
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Figure 2.2 Layout of the test samples for variable pressure EBL, numbers in each
square represent diameter of nanodiscs in nano meters, adapted from [16]

Fabricated samples were investigated by optical microscopy in the reflection mode (see
fig. 2.3). All fabricated arrays exhibit localised surface plasmonic resonances in the visible
range, that can be observed as colours. According to the models presented above, smaller
nanodiscs have resonances at smaller wavelengths, that can be observed as blue tint in
the scattered light. On the other hand, structures with larger diameters have resonances
at larger wavelengths turning them to red. As the pressure in the SEM chamber increases,
the beam shape gets altered, thus changing its properties. This leads to a decrease of
the exposure dose for structures exposed at higher pressures which is manifested by a
significant blue shift of fabricated structures (smaller structures).

In order to asses the effectively of the nitrogen atmosphere on charge dissipation we
have investigated the geometry of fabricated arrays by scanning electron microscope.
When the charge dissipation is not sufficient, the charge being built up on the sample
surface leads to errors in beam positioning which are manifested as pattern distortion
(parts of the pattern that are written later are shifted away from parts written at the
beginning of the process due to the accumulated charge). Fig. 2.4 shows nanodiscs with
a diameter of 150 nm exposed at 400 µC/cm2 prepared at three different conditions. The
structure a) was exposed at 20 Pa, b) at 120 Pa and c) is the reference structure fabricated
using the conductive polymer layer. We can see, that for the structure a) the pressure
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40 μm

a
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c

Figure 2.3 Scattered light optical image of fabricated test structure
for pressure a) – 20 Pa, b) – 120 Pa, c) – 200 Pa, adapted from [16]

inside the SEM chamber wasn’t sufficient for charging effects reduction making the pattern
distorted bleeding out of the desired area (yellow square). For the structure b) (120 Pa) the
charge compensation was successful making almost no difference to the reference structure.
The quantified pattern distortion was calculated as the ratio between the area of the
structure fabricated by VP-EBL and the reference structure. In fig. 2.4, panel d we can see
that the pressures above ~100 Pa successfully prevent any pattern distortion. According to
the results, the pressure 120 Pa and dose 400 µC/cm2 were selected as optimal parameters
that provide the best trade-off between charge compensation and resolution preservation.

The optical performance of fabricated structures was examined by optical spectroscopy
in the transmission mode. We have used the confocal setup [17] based on a Nanonics
multiview system. Fig. 2.5 shows a transmittance spectra of nanodiscs fabricated by VP-
EBL (solid) and conventional (dashed) approach. Both sets of fabricated nanodiscs exhibit
well defined LSPR resonances that correspond to colours observed in optical microscopy
images making VP-EBL the suitable method for plasmonic nanoantenna fabrication.
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2.4 Large area exposure
To demonstrate the VP-EBL process stability, we have exposed a large area plasmonic
colour image (3x5 mm2). The structure itself was assembled from 20x20 µm2 arrays on
nanodiscs with different sizes in order to create pixels of different colors. The patterning
was controlled using a custom script through the TESCAN SharkSEM scripting interface,
which allowed us to use a PNG image as a control template with each pixel representing
one 20x20 µm2 write field. The structures in each write field were assigned according to
the pixel colour in order to produce the desired optical effect. Fig. 2.6 shows the resulting
fabricated structure with the template image in its corner. Even though the exposure was
running for 36 h, the exposure parameters of the VP-EBL process (i.e. chamber pressure,
beam current, and spot size) are stable enough to result in nanoantennas with correct
‘colours’, and therefore, the technique is suitable for prototyping large-scale advanced
plasmonic devices.

Figure 2.6 Large-scale plasmonic image, corner –
template image used for exposure control, adapted from [16]

2.5 Plasmonic nanoantennas for structural colouring
The previous sections showed, that arrays of silver nanodisc naoantennas are useful for
artificial surface colouring which served as an inspiration for exploring such effects little
bit deeper with possible applications in the field of optically variable devices in anticoun-
terfeit industry. Unfortunately, due to limited access to the variable pressure system, we
have switched for conventional fabrication using conductive polymer in the following ex-
periments. Most of the work that will be shown in the following section was done by my
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bachelor student Petra Binková and published in her bachelor thesis ‘Industrial applica-
tions of optical nanoantennas’ [18], where my contribution was mostly in the supervision
and design of the experiment ideas.

One of the largest problems that arose in the previous experiments was a poor chemical
stability of fabricated structures. The silver is well known for its oxidation, that can
completely destroy fabricated structures in a few days. In order to address this problem,
several solutions were proposed:

• storing of fabricated samples under vacuum to avoid sample oxidation,
• sample bake-out in the nitrogen atmosphere – the main idea was that bake-out in

nitrogen could help to purify silver which would lead to higher stability,
• covering the sample by 10nm thick layer of SiO2 by atomic layer deposition,
• covering the sample by PMMA using conventional spin coating,
• switching over from silver to aluminium, which should provide similar optical proper-

ties, while being less sensitive to oxidation effects.

In order to quantify the sample degradation, we fabricated samples with arrays of silver
plasmonic nanoantennas similar to the ones shown in fig. 2.2 and we periodically measured
its transmittance spectra and observed the extinction. As the sample degrades, plasmonic
effects fade away leading to a decrease of the extinction (increase of transmittance). The
transmittance was measured at the resonance wavelength, which was identified from the
spectra measured right after the sample fabrication. Fig. 2.7 shows the dependence of the
sample transmittance on the time passed since the sample fabrication.
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Figure 2.7 Dependence of the antenna transmittance at the resonance
wavelength on time passed since sample fabrication (antenna
diameter 𝑑 = 150 nm, antenna pitch 2.5𝑑), adapted from [18]

We can see that the first proposed method – storing samples under vacuum (yellow line)
helped to slow down the degradation process when compared to reference sample stored
in normal conditions (red line), but still wasn’t able to prevent it completely. We can
also see, that the sample-bake out in nitrogen atmosphere was completely a failure as
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the increased temperature speeded up the degradation process leading to the almost
complete destruction of plasmonic effects. Even not shown in the figure, the result of
ALD deposition was exactly the same, probably due to high temperatures during the
ALD deposition process. The most successful method seems to be covering the sample
by PMMA, which prevented the degradation of the silver structures. Unfortunately, as
the index of refraction of PMMA is significantly higher than the index of refraction of the
air, such a treatment leads to red-shift of the resonances of fabricated structures. Fig. 2.8
shows the difference in the transmission spectra of coated and uncoated samples with the
red shift clearly visible.
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Figure 2.8 a) Transmittance spectra of antennas coated by PMMA
(dashed) and uncoated (solid), b) dependence of the resonance wavelength
on the antenna length for coated and uncoated samples, adapted from [18]

Other investigated structures were rectangular antennas. Such antennas have two main
axes which lead to two different resonance wavelengths for two different linear polariza-
tions. Consequently it is possible to simply switch colour effects by switching polarization
of the illumination light. While this effect wasn’t achievable with aluminum antennas, for
silver antennas it proven to be feasible. Fig. 2.9a shows the spectra of the fabricated an-
tennas. The antenna size 𝑎 varied along its axis from 70 nm to 190 nm while keeping the
second size 𝑏 fixed at 150 nm. The antenna pitch was 2.5 times bigger than the antenna
dimension in the corresponding direction. We can see, that when the sample is illuminated
by polarization along the longitudinal axis, the observed resonant wavelength significantly
varies with the 𝑎 size, when the sample is illuminated with polarization along the fixed 𝑏
axis, the observed resonance wavelength variations are much smaller. For completeness,
fig. 2.9b shows resonances both for PMMA-coated and uncoated samples.

With the technology developed and demonstrated the next step was creation of an op-
tical variable device (OVD) prototype that would utilize the studied plasmonic effects.
The first sample was based on the rectangular antennas supporting two resonances at
different wavelengths for two orthogonal polarizations. Fig. 2.10a shows the fabricated
sample (BUT logo) illuminated by two orthogonal polarizations. We can clearly observe
that for each of the two polarizations the area filled with plasmonic nanoantennas (back-
ground around T letter) exhibits different colour. Another sample was butterfly consisting



2 PATTERNING LARGE AREA PLASMONIC NANOSTRUCTURES USING VP-EBL

13

λ [nm]
400 500 600 700 800 900

20

30

40

50

60

70

80
a = 70 nm
a = 90 nm
a = 110 nm
a = 130 nm
a = 150 nm
a = 170 nm
a = 190 nm

b = 150 nm

(a) a [nm]

λ
[n

m
]

(b)

R

Tr
an

sm
itt

an
ce

 [%
]

a

b

a-pol. (air)
a-pol. (PMMA)
b-pol. (air)
b-pol. (PMMA)

80 100 120 140 160 180
515

545

575

605

635

665

695

725

755

Figure 2.9 a) Transmittance spectra of uncoated rectangular nanoantennas
illuminated by linearly polarized light along the two principal axes

(solid curves – longitudinal axis, dashed curves – lateral axis) of the
rectangle, b) dependence of the resonance wavelength on the antenna
length for different polarizations and environment, adapted from [18]

of silver nanodiscs of different diameters in order to produce different colours. The outer
contour was filled by nanodiscs with resonances in the infrared, looking white at perpen-
dicular illumination, but serving as an diffraction grating producing various colours, when
illuminated under different angles.
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(a) (b)

Figure 2.10 (a) prototype of OVD made of silver rectangular antennas
illuminated by two different polarizations, (b) prototype of OVD made of
aluminum nanodiscs illuminated under different angles, adapted from [18]
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3 Plasmonic antennas for THz region fabri-
cation

The following chapter describes experiments on fabrication of plasmonic antennas with
resonances in THz region. The experiments were done as a part of the FET OPEN
project ‘Plasmon Enhanced Terahertz Electron Paramagnetic Resonance (PETER)’. The
project aims at enhancement of the local magnetic field by concentrating electron current
density using plasmonic antennas creating magnetic hot spots. Fig. 3.1 shows the proposed
geometry of ‘Diabolo’ like antennas consisting of two triangular wings interconnected by
a small bridge of width 𝑊 and length 𝐺.

G  

L+G

W = 0.5 µm 15
0 

n
m

L/√3
L/√3

L

Figure 3.1 Proposed geometry of plasmonic antennas with resonances
in the THz region, designed and calculated by Martin Hrtoň

As the required resonances lay in the region 210 – 490 GHz which requires structures too
big to be easily calculated, the dimensions were extrapolated from calculations in the
THz region, leading to 𝐿 in the range 72 – 169 µm. Together with the samples for testing
different antenna densities (pitch 1.5𝐿, 2𝐿 and 3𝐿) and bridge parameters, this resulted in
total in 29 structures. Due to the THz spectrometer construction each structure has to be
placed a on separate sample that must fit into a tube with a diameter of 5 mm. According
to these specifications, the sample size was chosen as 3.2x3.2 mm2 with the 1.3x1.3 mm2

area filled by antennas in the center of each sample. Every sample has markings and
identification QR code in corner. Fig. 3.2 shows the layout of fabricated samples taking
one half of a 2 inch wafer (due to possibilities of fabrication failure each sample was
fabricated two times – 58 samples with antennas + 4 blank samples as reference). For
the wafer design, we have used the KLayout parametric cell system, which allows custom
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Python scripts to be used for geometry generation using numeric parameters making the
design easier [19].

Figure 3.2 The layout of fabricated structures

As the expected working frequency is quite low for plasmonic antennas, and thus main-
taining a dielectric (i.e. non-conductive) nature of the substrate is crucial for their correct
function, the float zone [100] silicon with a resistivity of 300 – 500 Ω⋅cm was chosen
as a substrate. The substrate was coated by a 230 nm thick layer of the poly-methyl
metacrylate resist with the molecular weight 950 000 (3% solution in ethyllactate, 2000
rpm) and grooved using a UV laser (pink lines in fig. 3.2). The pattern was exposed using
the RAITH 150 two e-beam lithography system. As the exposed area was large, lower
acceleration voltage (10 kV) was selected in order to increase the resist sensitivity and
achieve shorter write time. According to the previous test, the exposure dose was set to
100 µC/cm2. The sample was developed in a methyl isobutyl keton-isopropyl alcohol so-
lution (1:3) for 60 s and rinsed in isopropyl alcohol for 30 s. The fabrication was followed
by deposition of a 3 nm thick adhesion titan layer and 150 nm thick layer of gold using an
electron beam evaporator. The fabrication was finished by the lift-off process in N-methyl
pyrolidinone heated up to 80 °C.

Fig. 3.3 shows a detail of fabricated structures. As the wafer was exposed in one run,
the EBL system placed the individual write fields in a rectangular grid leading to some
stitches between the fields being placed inside the structures. Although the calibration
of the write field geometry was performed before the exposure it is noticeable, that the
residual geometry errors were big enough to cause a gap in the fabricated structures.
This probably happened as an effect of scanning system hysteresis as the actual geometry
corrections that should be applied to the scanning system depend on the shapes to be
written. Naturally, it makes absolutely precise correction for non-homogeneous patterns
impossible. Another observable effect is an insufficient exposure dose in the bridge area of
fabricated structures due to different relative pattern density and lower proximity effect
in comparison to the wing area of the structure which even further worsen the stitch
problems.
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Figure 3.3 SEM image of fabricated structures showing a gap in the antenna

As the size of the individual antenna is smaller than the used write field, it should be
possible to avoid any stitch artefacts by a precise placement of individual write fields.
Unfortunately as the pitch of the antennas is different for each structure and not same in
𝑥 and 𝑦 direction, it is not possible to define any global setting that would achieve the
desired write field placement. Luckily, the write process in the Raith system is governed
by a position list – a simple text file describing positions on a wafer and corresponding
structures (or a part of structures) that should be exposed there. It makes it theoretically
possible to tailor the position list in such a way that each antenna is exposed by its
individual write field. The position list is composed of lines describing each exposure task
defined by several parameters, such as

• U, V – specifying the position of exposure in the Raith UV system,
• Comment – specifies the name of the top cell to be patterned,
• Pos1, Pos2 – reference point in the structure to be placed at position defined by UV,
• File – path to the GDS file to be patterned,
• Layer – list of layers to be patterned,
• Area – the area of pattern to be written,
• Time – originally served probably for storage of time, in current version however serves

as a bit field for storage of parameters like which type of objects (Areas, lines, Dots,
FMBS objects) should be written and also determines if global exposure parameters,
or parameters stored the in position list should be used,

• Dwelltime, stepSize, SplDwell, SplStep, ... – low level exposure parameters calculated
out of the dose and beam current.

In cooperation with Jakub Sadílek, we have developed an add-on for KLayout GDSII
editor, which allows to graphically define such an exposure strategy and generate the cor-
responding position list automatically. The main concept of our approach is dividing of
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layers in the GDSII file into two categories – graphic layers, that describe the geometry
to be patterned and technological layers describing the write field placement and tech-
nological parameters used for exposure. The graphical layer acts as a standard layer in
GDSII containing shapes of structures. The technological layer includes only two types of
objects – origin object (one per technological layer), which describes the point of layout,
that should be mapped to [0, 0] point of the Raith UV system, and exposure objects –
rectangles marking areas to be exposed in the layout. When the size of the exposure ob-
ject is smaller or equal the size of a single write field, the Raith system exposes the whole
area as a single write field. When the area is larger, it is filled with a rectangular grid
of write fields in the standard way. Moreover, each exposure object carries information
about the graphic layers, that should be exposed by that object allowing both layer and
spatial filtering of objects to be patterned. The both special objects were implemented
as parametric cells using standard PCell API, which allows their easy visualization in the
editor (see fig. 3.4). Thanks to the hierarchical nature of the GDSII format, the user can
easily make rectangular arrays of exposure objects using AREF objects in the hierarchy.
In addition, each technological layer carries information about the write field to be used
for patterning and optical preset allowing these parameters to be automatically switched
during exposure using corresponding position list commands.

Figure 3.4 Left – exposure and origin PCell object, right – technological layer setup

In order to store these additional data into the GDSII file, the add-on creates service cell
$RaithKlayoutInfo and for each technology layer it creates a TEXT record there with all
tech layer metadata serialized in the JSON format [20].

Unfortunately, the exposure parameters like the Dwell time and exposure step are also
stored in the position list file. So, if the user wants to use different exposure parameters for
a different technological layer, these parameters has to be calculated inside KLayout and
stored to the position list file. In order to allow this, we have replicated the Raith dose
calculator tool inside the KLayout editor (see fig. 3.5), which allows the user to assign a
different exposure process to each exposure object or technological layer.
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Figure 3.5 Raith patterning parameter calculator window recreated inside KLayout

The main function of the add-on is generation of the positionlist file. It allows user to select
which technological layers should be patterned, flattens the exposure object hierarchy and
generates the corresponding position list together with a command for write field and
column preset switching.

In order to address the proximity effect related dose variation, a correction was done.
The proximity effect correction consists of many different steps, that must be precisely
performed in order to get accurate results. The first step of the correction was calculation
of the beam point spread function using a Monte Carlo approach. The calculation was
done using the GenISys Tracer software. We have set the later stack according to the
previous experiment (bulk Si substrate and 230 nm thick layer of PMMA). Fig. 3.6 shows
the cross section of the calculated point spread function in the middle of the PMMA layer.

Figure 3.6 Calculated point spread function

However, as mentioned in section ??, all numerically calculated point spread functions
need to be corrected for process blur. As the main manifestation of the proximity effect
is change of the dimension of fabricated structures with different pattern densities, a
special test pattern consisting of arrays of 200 nm lines with different pattern densities was
corrected using a numerical point spread function and exposed by doses of 70–200 µC/cm2

(see fig. 3.7).
After the exposure, the resulting pattern was imaged in order to obtain the dimensions

of fabricated lines. Using the calibration tool of the Tracer software it is possible to
calculate the process beam blur and optimal base dose. During the calibration process,
the Tracer software simulates the developed resists profiles (performing deposited energy



20

Figure 3.7 Top: test structures with the pattern density from 0%
(left) to 100% (right), bottom: detailed images of each structure

density calculations) using the calculated point spread function for different beam blur
and tries to fit this parameter to measured data. Another part of the calculation is a
proposal of the optimal dose window, where the real dimensions of fabricated structures
should follow dimensions defined by the structure design. Fig. 3.8 shows the results of
the calibration – dependence of the critical dimension on the exposure dose for different
pattern densities together with the fitted model.

Figure 3.8 Dependence of the critical dimension
on the exposure dose for different pattern densities

With the knowledge of the point spread function and process beam blur, the layout
was proximity corrected using the GenISys Beamer software. As the pattern is very
large and conventional correction consisting of flattening the whole design, calculating
the correction and running heuristic algorithm to rebuild the hierarchical structure would
take very long time, another approach was selected. The correction was done for every
single type of the antenna geometry contained in the design one by one. In order to
correct for spatial effects arising from the array nature of the pattern, periodic boundary
conditions accordingly to the periodicity of each array were chosen. After the calculation
of corrected antennas, corresponding cells in the design hierarchy were replaced by the
corrected ones. Fig. 3.9 shows the data flow in the Beamer to achieve such a correction
based on the replace_cell_by_pec macro, that does the correction for one antenna type.
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Figure 3.9 Left – Beamer flow for design
processing, right – replace_cell_by_pec macro

After the correction and new write field placement strategy the fabricated samples no
longer suffered from problems mentioned earlier.
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4 Chracterization of plasmonic metasurfaces
using digital holographic microscopy

Pasmonic metasurfaces, one of the most promising applications of plasmonic nanoan-
tennas, are nowadays often based on alternation of the phase of the light by plasmonic
nanostructures. In such a context the ability of quantitative imaging of the phase distrib-
ution becomes a crucial task for assessment of any engineered metasurface. Traditionally,
accessing the phase information was done using Spectroscopic Ellipsometry [21]. Unfor-
tunately, it is limited to some special cases and often requires inverse analysis. Another
option is Differential Scanning Heterodyne Microscopy [22], but it provides only differen-
tial data making the analysis complicated. Experiments using a scattering type of Scan-
ning Near Field Optical Microscopy have also been demonstrated [23], unfortunately the
SNOM is very slow as it is a scanning probe technique and its spectral range covers the
IR–THz region only. So far the interferometric approach seems to be the most promising
and straightforward method, as it has been demonstrated by Genaro et al. [24]. However,
their Spectral Interferometric Microscopy is a scanning technique and has limitations for
dimensions of observed samples.

In such a context the digital holographic microscopy presents an attractive alternative
for plasmonic metasurface characterization as it is capable of direct quantitative imaging
of the phase distribution. This project was done in a cooperation with the Experimental
biophotonics group at CEITEC which focuses on the development of digital holographic
microscopy instruments, and my colleagues from the plasmonic group, who were of as-
sistance during the measurements and built the theoretical background and associated
calculations.

4.1 Characterization of plasmonic metasurfaces for non-polarized
light using Coherence-controlled holographic microscopy

For our first experiments [25], we choose the Coherence-Controlled holographic microscope
[26]. It is a digital holographic microscope operating in the visible range using non-
polarized light. As it supports the use of non-coherent light, it offers a superior phase
resolution with images not suffering by any coherence noise, or speckling2.

The first experiment was done on a sample similar to that one presented in chapter 2.
We have fabricated 10x10 µm2 areas of golden plasmonic nanodiscs on a glass substrate.
The disc diameter was 𝑑 = 30 − 190 nm. In order to keep the fill-factor for different fields
constant, the antenna pitch was chosen as 2𝑑. The layout of the sample is displayed in
fig. 4.1. Each sample also contains reference structures. These structures simply consists
of squares with dimensions high enough to be out of resonance for visible light while they
keep the same fill-factor as plasmonically active structures.

2 based on J. Babocký, A. Křížová, L. Štrbková, L. Kejík, F. Ligmajer, M. Hrtoň, P. Dvořák, M. Týč, J.
Čolláková, V. Křápek, R. Kalousek, R. Chmelík, and T. Šikola, ACS Photonics 4, 1389 (2017).
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Figure 4.1 Sample layout, adapted from [25]

The fabrication itself was done by Electron Beam Lithography. We choose a 140 nm
layer of PMMA as a resist. In order to make the substrate conductive, the conductive
polymer Electra 92 was applied on the top of the resist layer. Structures were written by
Tescan Mira 3 SEM with the Raith Elphy lithographic system at 30 kV. The sample was
developed using a MIBK:IPA solution (1:3) for 60 s followed by rinsing in IPA for 30 s.
The fabrication was finished by deposition of 40 nm of gold together with a 3 nm thick Ti
adhesion layer and lift-off in acetone.

Fig. 4.2 shows a quantitative phase image of the fabricated sample while illuminated
by white light with a red filter (650 nm).

Figure 4.2 Phase image of gold nanodiscs illuminated
by the non-coherent red light obtained by CCHM

It is obvious that at a diameter 110 nm there is a noticeable phase flip, where the phase
rapidly changes from positive values to negative ones making clear our plasmonic nanos-
tructures alter the phase of the transmitted light.
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For better understanding of the phase effects arising in the disc nanoanttennas, several
changes for the following experiments were done. At first, we have decided to replace the
gold with silver as for golden nanodiscs the resonances are mostly in the near infrared re-
gion, while similar structures fabricated of silver provide resonances at visible wavelengths
(wavelengths the microscope is designed for). We have also done slight changes to the sam-
ple layout sacrificing labels and reference structures (that have not found any use anyway)
for getting 4x4 arrays of plasmonic nanodiscs with diameters in a range of 50 – 200 nm.
We have also increased spacing between fields which helped with background subtraction
during quantitative image processing. In order to be able to perform wavelength-resolved
imaging of plasmonic nanoantennas, we have upgraded the microscope with a supercon-
tinuum light source (Fianium WhiteLase) and acusto-optical tunable filter. While this
modification adds coherence noise to the image, leading to the need for flat field correction,
it allows to illuminate the sample with a selected wavelength. Unfortunately, the control
software supplied with the device seemed not to work with current version of Microsoft
Windows, which led us to the development of the custom control software RainbowLase
(see fig. 4.3).

Figure 4.3 RainbowLase control software

To make sure the resonances of fabricated structures are situated in the visible range,
we have characterized the sample using optical spectroscopy. Fig. 4.4a shows extinction
spectra of fabricated antennas for different antenna diameters (the first number denote
the designed diameter, second one – in the parentheses the real diameter of fabricated
antennas obtained from SEM images). We can observe, that our fabricated structures
exhibit clear localised surface plasmon resonnaces in the range 530 – 700 nm that red shift
with an increased diameter. Note, that the spectra from antennas with diameters 50 nm
and 60 nm are not included here as their fabrication was not successful. The measured
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spectra were also verified using finite difference time domain simulations performed by
Martin Hrtoň. Fig. 4.4b shows the spectra obtained by the simulations. The red shift of
experimentally measured spectra with respect to calculated ones was probably caused by
thin layer of oxide formed on the top of fabricated nanoantennas.

The next step was an actual imaging using Coherence-controlled holographic micro-
scope. After the installation of the laser source into the microscope, it was necessary to
defocus the condenser in the Köhler illuminator as the microscope is designed to work
with non coherent area source produced by halogen bulb light guided through a thick
bundle of multi-modal optical fibers and our laser source produced only a small bright
spot in the center of the view field. During the measurement, we have acquired set of
multiple images of the fabricated structure for different wavelengths (500 – 770 nm) of
the illumination light. We have also acquired a set of background images from an area
without antennas, that were subtracted from the images of the structure to compensate
the coherence noise arising from parasitic interferences in the optical system (flat field
correction). All acquired holograms were reconstructed using the Kreis method [27] by
algorithm embedded in the microscope control software. Fig. 4.4c shows some examples
of acquired images. We can clearly observe that similarly to the previous measurement,
when the antennas are at resonance, the phase of the transmitted light rapidly flips from
negative to positive values. We can also observe, that closer the antennas are to the res-
onance, the more intense noise effect can be observed inside the field. The main origin of
this effect is imperfection of the antenna fabrication, where even small differences in the
antenna sizes can be visualized in their phase response upon the resonance.

For better visualization of the phase dependence, we have extracted the phase values
from each image and plot the dependence of the phase of transmitted light on the illu-
mination wavelength for different antenna sizes (phase spectra) in fig. 4.4d. Apparently,
the phase measured by CCHM exhibits an S-shaped flip from positive (above the reso-
nance wavelength) to negative values (below the resonance wavelength) and goes to zero
in both regions far from the resonance. Such a behavior seems to be inconsistent with the
classical resonator theory, where we would expect the phase to go monotonously from 0
to 𝜋 with 𝜋

2 at the resonance. The main reason of these discrepancy is the fact that in
our measurements the microscope measures the superposition of the phase of the original
driving field and of the field scattered by plasmonic nanoantennas that will be called in
the further description as the total field phase.

Fig. 4.5a demonstrates the formation of the total field phase in the phasor represen-
tation. The reference phasor ⃗⃗⃗ ⃗⃗𝐸ref serves in the model as a fixed reference. The ⃗⃗⃗ ⃗⃗𝐸dr rep-
resents the driving field, which is shifted by some background value 𝜑bg, that is usually
removed by the flat field correction. Plasmonic antennas create the scattered field ⃗⃗⃗ ⃗⃗𝐸sca
that lags behind the driving field by 𝜑sca. The total field measured by the CCHM ⃗⃗⃗ ⃗⃗𝐸tot is
simply ⃗⃗⃗ ⃗⃗𝐸tot = ⃗⃗⃗ ⃗⃗𝐸dr + ⃗⃗⃗ ⃗⃗𝐸sca. With the knowledge of the total field formation, we can simply
derive the total field phase profile (fig. 4.5c) from the phase profile of the scattered field
and the ratio between the driving and scattered field, that can be easily calculated using
the finite difference time domain method (fig. 4.5b).

The phasor analysis allowed us to numerically calculate the expected total field phase
profiles displayed in fig. 4.4e and expected phase images for different wavelengths (fig. 4.4c),
which both show a very good match with the measured data.



4 CHRACTERIZATION OF PLASMONIC METASURFACES USING DHM

27

-π/4

0

π/4

(r
ad

)

λ = 500 nm λ = 550 nm λ = 600 nm λ = 650 nm λ = 700 nm λ = 750 nm

400 450 500 550 600 650 700

Wavelength (nm)

0

0.2

0.4

0.6

0.8

1
E
xt

in
ct

io
n

Exp.

400 450 500 550 600 650 700

Wavelength (nm)

Sim.

(a) (b)

(c)

500 550 600 650 700 750

Wavelength (nm)

-π/6

-π/12

0

π/12

π/6

T
o
ta

l 
fie

ld
 p

h
as

e 
(r

ad
)

Exp.

(d)

500 550 600 650 700 750

Wavelength (nm)

-π/6

-π/12

0

π/12

π/6

T
o
ta

l 
fie

ld
 p

h
as

e 
(r

ad
)

(e)

-π/4

0

π/4

(r
ad

)

Exp.

Sim.

0

0.2

0.4

0.6

0.8

1

E
xt

in
ct

io
n

π/4

-π/4

70 (74) nm

80 (84) nm

90 (94) nm

100 (104) nm

110 (114) nm

120 (124) nm

130 (134) nm

140 (144) nm

150 (154) nm

160 (164) nm

170 (174) nm

180 (184) nm

190 (194) nm

200 (204) nm

Sim.
70 (74) nm

80 (84) nm

90 (94) nm

100 (104) nm

110 (114) nm

120 (124) nm

130 (134) nm

140 (144) nm

150 (154) nm

160 (164) nm

170 (174) nm

180 (184) nm

190 (194) nm

200 (204) nm

450

Figure 4.4 (a) Experimental and (b) FDTD-calculated extinction spectra of silver
nanodisc arrays on glass. Both show characteristic plasmon resonances. The
experimental extinction in (a) has been calculated as 𝑇 /𝑇𝑅𝐸𝐹, where 𝑇 is the

transmission through the nanodisc array and (𝑇𝑅𝐸𝐹) the transmission through the bare
substrate. (c) Quantitative phase images of silver nanodisc arrays at a selected subset

of illumination wavelengths, measured in CCHM (top) and theoretically calculated
(bottom). The scale bars are 20 µm. (d, e) Spectra of the total field phase at
nanodisc arrays of various dimensions extracted from the full set of measured

CCHM images (d) and from numerical simulations (e), adapted from [25]
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(a)

(b)

(c)

Figure 4.5 (a) Phasor diagram of the fields forming the signal measured in CCHM.
Note that we follow a convention where a phase shift in the counterclockwise direction
represents a phase delay. The field that drives the plasmonic structures is denoted as
⃗⃗⃗ ⃗⃗𝐸dr and it is phase-shifted with respect to the reference field ⃗⃗⃗ ⃗⃗𝐸ref by 𝜑bg due to an

inevitable path difference between the sample and reference arms. The field scattered
by nanodiscs ( ⃗⃗⃗ ⃗⃗𝐸sca) lags behind the driving one by an angle 𝜑sca. The total measured

field ⃗⃗⃗ ⃗⃗𝐸tot is the sum of ⃗⃗⃗ ⃗⃗𝐸dr and ⃗⃗⃗ ⃗⃗𝐸sca, and its phase shift 𝜑tot with respect to the
driving field is the ultimate quantity measured in CCHM. (b) Calculated scattered field
phase (blue) and amplitude (green) spectra for the 154 nm nanodiscs; the values of the
amplitude and phase at selected wavelengths 𝜆A − 𝜆E (labeled by dots) are used in (c)
to elucidate the total field phase formation using phasor diagrams. (c) Calculated phase

spectrum of the total field resulting from the superposition of scattered and driving
fields (with the superposition of phasors sketched in the boxes), adapted from [25].

As the coherence-controlled holographic microscope is equipped with a precise piezo
stage allowing acquisition of 𝑧 stacks, the next experiment focused on the acquisition of
three dimensional field profiles produced by a metasurface. In order to demonstrate the
ability of three dimensional imaging, we have fabricated a focusing plasmonic metasurface
based on the principle of a zone plate with zones filled by disc nanoantennas (diameter 130
and 190 nm) producing negative or positive phase shifts (see fig. 4.6a). The zone plate
was designed to operate at 650 nm (red light) with a main focal length of 100 µm. To
image the field above the zone plate, we have used the coherence controlled holographic
microscope with a tunable laser. Later, we have found that the defocusing of condenser
lenses in the illuminator also provided plane wave illumination that made the imaging
way easier. A series of images which varied by the objective focus was acquired. The step
in the focus was 1 µm leading to focus in the range 0 – 200 µm above the sample surface.
With this experiment, we have to switch from hologram reconstruction using the internal



4 CHRACTERIZATION OF PLASMONIC METASURFACES USING DHM

29

microscope control software to Holom software developed by Matěj Týč as the internal
reconstruction algorithm designed primarily for biological data was unable to correctly
unwrap the phase of the observed image. The Holom software allowed us to employ
a custom unwrap method, where the standard processing was done as the first step to
obtain the parameters of the compensation surface that needs to be subtracted from the
unwrapped phase data. As the unwrap technique would fail and our data were in fact in a
range that did not need any unwrapping, we have then wrapped the compensation surface
and subtracted it from the wrapped data instead. This operation produced compensated
but not unwrapped phase data that were just adjusted in order to center the histogram
of the phase image in the center of the −𝜋, +𝜋.

Fig. 4.6b shows the phase profile in the space above the zone plate, fig. 4.6c shows the
cross section of the phase profile in the 𝑥𝑧-plane. From the phase profile we can clearly
observe the formation of the main focal point at 𝑧 = 100 µm together with some of the
minor focal points. Their positions, however, do not coincide with those of an ideal zone
plate (e.g., the secondary focal point should be situated at one-third and not at one-half
of the zone plate focal length). We ascribe this discrepancy to the fact that the field
distribution produced by our nanodiscs does not fully match the one from the design.
More specifically, the transition between the neighboring zones is not abrupt but gradual
which makes them effectively narrower. Fig. 4.6d shows the same cross section obtained
from the theoretical framework discussed above by the real nanodisc distribution as the
calculation input.

In conclusion, we have demonstrated that the coherence-controlled holographic mi-
croscopy is a robust wide field imaging technique that can be used for plasmonic meta-
surface characterization and analysis of their optical effects.

4.2 Characterization of geometrical phase metasurfaces using
Coherence-controlled holographic microscopy

In the following research [28], we have focused on extension of the previously mentioned
technique for characterization of metasurfaces based on geometrical (Pancharatnam-Berry)
phase [29, 30]. The geometrical phase metasurfaces employ simple rectangular dipole
nanoantennas that convert circularly polarized light of one helicity to light with opposite
helicity. The phase difference between the input beam and opposite helicity beam can be
simply tailored by the orientation of these antennas as the phase can be described by

𝜑 = 2𝜎𝜃, (4.1)

where 𝜃 is the antenna orientation with respect to some reference (in our case 𝑥 axis) and
𝜎 is the factor describing the light helicity (𝜎 = 1 for right hand helicity and 𝜎 = −1 for
left hand helicity). Such a system allows any phase distribution in the sample plane to
be encoded into orientation of these antennas3.

3 based on A. Faßbender, J. Babocký, P. Dvořák, V. Křápek, and S. Linden, APL Photonics 3, 110803
(2018).



4.2 CHARACTERIZATION OF GEOMETRICAL PHASE METASURFACES

30

(a)

(c)

(b)

0

100

200

0
30

-30
0

30

-30

z 
(μ

m
)

x (μm) y (μm)

π/2

π/4

0

-π/4

-π/2

Total field phase

0 10 20 30 40
Radial distance (μm)

(ra
d)

0

50

100

150

200

z 
(μ

m
)

(d)

0 10 20 30 40
Radial distance (μm)

0

50

100

150

200

z 
(μ

m
)

(ra
d)

Total field phase
Exp. Sim.

(ra
d)500 nm

5 μm

π/2

π/4

0

-π/4

-π/2

π/2

π/4

0

-π/4

-π/2

Figure 4.6 (a) SEM micrograph of the fabricated zone plate where individual zones
are formed by silver nanodiscs (130 and 190 nm). (b) 3D visualization of the measured
total phase distribution in the half-space above the plasmonic zone-plate. Measured (c)

and simulated (d) phase map in the 𝑥𝑧-plane above the zone plate where the
main (𝑧 ≈ 100 µm) and subsidiary (𝑧 ≈ 50 µm, 𝑧 ≈ 25 µm) focal points are
clearly distinguishable close to the zero radial distance, adapted from [25].

As the coherence-controlled holographic microscope is designed to work with non-
polarized light and the efficiency of the geometrical phase metasurface is low, we have done
some modification to the CCHM setup to make characterization of these metasurfaces
possible. Fig. 4.7 shows the modified setup.

The object arm of the microscope was modified by addition of a linear polariser and
quarter wave plane in the illuminator part, which together create left handed circularly
polarized light for the sample illumination. In the detection part, we have added another
quarter wave plate followed by a linear polariser in a such configuration that suppresses
the driving left handed light leaving only the right handed light created by studied meta-
surface. The reference arm had to be modified as well by a linear polariser oriented in
such way to match with the expected polarization of the microscope diffraction grating.
The last part was a neutral density filter, which helped to match the intensity in the ob-
ject arm in order to enhance the contrast of the interference stripes observed by a camera.

To test our imaging setup, we used a sample provided by our colleagues from the Uni-
versity in Bonn, which was a Laugerre-Gaussian geometrical phase metasurface produc-
ing an optical vortex beam out of a Gaussian beam and consisting of antennas providing
phase differences in the full 0 – 2𝜋 range. Fig. 4.8 shows the quantitative phase image
obtained by the CCHM. As we can see, in contradiction to our expectation, the phase
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Figure 4.7 Coherence-controlled holographic microscope
setup modified for the geometrical phase based metasurface

characterization, added components are highlighted by the bold text

distribution does not cover the full 2𝜋 range but it is limited to 1 rad. This indicates that
due to adjustment imperfections and depolarization inside the microscope some of the
driving field leaks into the resulting signal, creating once again the total field image. In
this case, we have decided to try to reconstruct the scattered field only. From the phasor
diagram (fig. 4.5a) we can see that the total field is a vector addition of the driving field
and the scattered field. Luckily, where there is no metasurface, the measured image is
the driving field alone. In such a situation it is possible to acquire the background image,
reconstruct its hologram as usual, and create complex amplitude data out of the compen-
sated phase and amplitude images. The subtraction of such a complex amplitude image
of the metasurface total field and a background image (driving field image) provides a
complex amplitude of the scattered field only from which the phase of the scattered field
can be simply extracted. Fig. 4.9 shows the reconstructed scattered field of the inspected
metasurface. Now it is obvious, that the observed image displays the scattered field only
covering the whole 2𝜋 range.

In conclusion, we have demonstrated that with a small modification of the CCHM
setup, it is possible to analyse the phase profile of metasurfaces based on the geometrical
phase principle and reconstruct the scattered field out of the total field image, thanks
to the fact the digital holographic microscopy provides complete holographic information
about the observed sample.
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Figure 4.8 The raw (total field) phase images of the geometrical phase metasurface
observed by CCHM, the indexes mark the corresponding Laugerre-Gaussian mode
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Figure 4.9 The reconstructed scattered field phase metasurface
images, the indexes mark the corresponding Laugerre-Gaussian mode

4.3 Characterization of plasmonic metasurfaces using Quanti-
tative 4G Optical microscopy

As the characterization of geometric phase metasurfaces using Coherence controlled holo-
graphic microscopy is quite complicated for the next experiments [31], we have switched
to the Quantitative 4G optical microscope (Q4GOM) that was recently developed by
our colleague Petr Bouchal [32]. The microscope is currently implemented as an add-on
module for a conventional reflection optical microscope (see fig. 4.10). The light entering
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the optical system passes through a linear polariser and quarter wave plate which pro-
duces circularly polarized light. Such a light then illuminates the sample surface, which
in our case produces circularly polarized light with opposite helicity to the driving field.
Both beams (driving and scattered) travel through the same optical path to the add-on
module, where they are separated by a liquid crystal based metasurface diffracting the
right handed and left handed polarized light into two different directions. Both beams
are then converted to linearly polarized light using a linear polariser and targeted to-
wards a camera, where they interfere in off-axis configuration in the similar way as in the
Coherence-controlled Holographic microscope. The driving field serves as the reference
and the scattered light from the sample as the signal. As both beams travel the same
optical path, the interference is perfectly adjusted with no need to do any complicated
optical path matching between the signal and reference arm as in the case of CCHM. The
recorded hologram can be than numerically reconstructed using standard off-axis holo-
gram reconstruction methods4.

Hologram in
camera plane

Linear
polariser

Geometric phase
grating

Sample

Linear
polariser

Quater-wave
plate

Objective

Tube lens

Figure 4.10 The Quantitative 4G Optical microscope

As the first experiment we have decided to start with a simple benchmark sample – arrays
of dipolar plasmonic nanorods (width 80 nm, length 200 nm and thickness 30 nm) on
a silicon substrate covered by a golden mirror layer and SiO2 spacer (see fig 4.11a,b,c).
The orientation of the nanorods was chosen according to the geometrical phase theory
in order to produce phase shifts in the whole 2𝜋 range. The sample fabrication started
by evaporation of 200 nm thick golden layer, that serves as a mirror. The fabrication
followed by evaporation of a 110 nm thick SiO2 spacer that should provide a dielectric
transparent substrate for the nanorods. The nanorods were fabricated using electron
beam lithography. In order to increase the resolution, we have switched to a 125 nm thick

4 based on P. Bouchal, P. Dvořák, J. Babocký, Z. Bouchal, F. Ligmajer, M. Hrtoň, V. Křápek, A. Faßbender,
S. Linden, R. Chmelík, and T. Šikola, Nano Lett. 19, 1242 (2019).
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layer of the CSAR 62 resist (Allresist AR-P 6200.07, 4000 rpm). As the underlying SiO2
layer is not conductive, and even small charging could lead to beam placement errors, we
have covered the sample by the Electra 92 conductive polymer (Allresist AR-PC-5090).
All structures were proximity corrected using the GenISys Beamer software and exposed
using the Tescan Mira SEM with the Raith Elphy lithographic system. The beam energy
was set to 30 keV, the base exposure dose was 110 µC/µm2. Samples were developed in
an amyl-acetate developer (Allresist AR 600-546) for 60 s and rinsed in isopropyl alcohol
for 30 s. The fabrication was finished by deposition of a 3 nm Ti adhesion layer, 30 nm
Au, and lift-off in Dioxolane (Allresist AR-P 600−71).
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Figure 4.11 Phase imaging of the benchmark sample. (a) Schematic illustration of a
single nanoantenna. (b) SEM image of the nanoantennas with varying angular
orientation. (c) Enlarged parts of SEM images showing the orientation of the
nanoantennas in individual areas of the benchmark test. (d) Simulation of the

amplitude of light scattered by the benchmark sample. (e) Simulation of the phase
response of the benchmark sample. (f) Amplitude and (g) phase image of the

benchmark test restored from correlation records acquired by Q4GOM. (h) Theoretical
dependence of the geometric phase on the rotation angle of nanoantennas (solid line)
and values of the phase measured in individual square areas of the benchmark test
(circles). (i) Differences between theoretical dependence and values of the phase
measured in individual square areas of the benchmark test, adapted from [32].

The fabricated sample was imaged by Q4GOM using the Nikon 10×, NA = 0.3 objective.
Fig. 4.11 shows the reconstructed amplitude (f) and phase (g) image. We can see, that
according to our expectations, the phase delay increases linearly with the antenna angle 𝜑.
During the processing of experimental data, the background noise in the phase image was
suppressed by a binary mask created from the measured amplitude. One of the largest
advantages of the Q4GOM, is that it measures directly the phase difference between the
driving and scattered field making the result interpretation straightforward without the
need for any complex processing. Our experimental results were compared with numerical
FDTD calculations shown in fig. 4.11d,e. Fig. 4.11h displays the dependence of the
observed phase ΔΦ on the antenna orientation 𝜑, that was extracted from the acquired
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images together with the model (solid line). Fig. 4.11i shows the difference between the
model values and the values measured by the microscope. The biggest deviations of the
measured phase from the theoretical values occur for the nanoantenna angles 𝜑 = 40°
and 90° and correspond to 0.5 rad. We assume that the deviations have their origin in
manufacturing imperfections and sensitivity of the metasurface to a polarization ellipticity
of the driving field rather than in the measurement accuracy.

The next experiment focused on exploration of the lateral resolution achievable by
the Q4GOM for the metasurface characterization. Several special metasurfaces for its
characterization consisting of binary gratings filled by nanorod antennas that produce the
zero (𝜑 = 0°) and 𝜋 (𝜑 = 90°) phase shifts in the neighbouring stripes were fabricated.
The spatial frequency varied from 179 lines/mm to 1250 lines/mm. Fig. 4.12 shows the
images of the gratings with a spatial frequency 364 lines/mm (a,b,c) and 883 lines/mm
(d,e,f). The gratings were imaged by Nikon 10×, NA=0.3 (a, d) and Nikon 100×, NA=0.9
(b, e) objectives. Fig. 4.12 c, f shows the cross section profiles of the imaged phase grating.
It is evident, that the insufficient resolution of the 10× objective resulted in the errors
in the phase image with higher periodicity, while the 100× high NA objective managed
to correctly display the observed sample. The experiments using low- and high-spatial
frequency metasurface gratings prove that Q4GOM allows the quantitative measurement
of the phase realized with the high aperture objective, while keeping the highest demands
on the ground-truth accuracy of the phase image.
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Figure 4.12 Phase imaging of metasurface gratings. (a) Color-coded phase image of
low frequency grating (364 lines/mm) obtained with the MO 10×, NA = 0.3. (b)

The same as in (a) but for the MO 100×, NA = 0.9. (c) Cross-section phase
profiles along the dashed lines I and II. (d) Color-coded phase image of high

spatial frequency grating (833 lines/mm) obtained with the MO 10×, NA = 0.3.
(e) The same as in (d) but for the MO 100×, NA = 0.9. (f) Cross-section

phase profiles along the dashed lines III and IV, adapted from [32].

In order to probe the technique sensitivity down to a single nanoantenna, we have fab-
ricated another sample consisting of single nanoantenas placed in a 2.5x2.5 µm2 grid. In
such a configuration, every antenna acts itself without any influence from surrounding
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antennas. Fig. 4.13a shows a SEM image of the test sample. Antennas in the grid are
chosen in two orientations in order to the produce −𝜋/2 and 𝜋/2 phase shift. Fig. 4.13b,
c shows the amplitude and phase image of the sample. We can clearly observe from the
amplitude image, that the sensitivity is sufficient to collect scattered light from a single
nanoantenna. In the phase image, it is possible to clearly distinguish between the −𝜋/2
and 𝜋/2 nanoantennas, even more the histogram displayed in fig. 4.13 e shows sharp peaks
at −𝜋/2 and 𝜋/2.
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Figure 4.13 Phase imaging demonstrating the sensitivity to individual nanoantennas.
(a) SEM image of an nanoantenna array used as a sample. (b) Amplitude of light

scattered by individual nanoantennas reconstructed from the correlation records. (c)
Color-coded phase altered by individual nanoantennas. (d) Cross-section phase profile

along the dashed line in (c). (e) Histograms of the alternating phase set by the
individual nanoantennas using normal distribution fitting, adapted from [32].

In the last experiments we have used the Q4GOM to image the geometrical phase meta-
surfaces previously studied by CCHM. Fig. 4.14 shows the reconstructed amplitude and
phase images of the metasurface. We can clearly observe, that the Q4GOM together with
100× objective has resolution capable of imaging the plasmonic metasurface, where the
single pixels forming the metasurface are clearly distinguishable.
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Figure 4.14 (a) Amplitude and (b) phase high-resolution
images of vortex metastructures by Q4GOM, adapted from [32]
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In conclusion, these experiments have proved, that even the Q4GOM has some limita-
tions (need for polarized light), it outperforms CCHM in characterization of geometric
phase metasurfaces providing unprecedented lateral resolution with perfect filtering of the
driving field.
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5 Conclusions
The thesis began with brief introduction into the theoretical background of plasmonics,
describing some of the basic concepts of light interaction with metallic nanoparticles.

The second chapter focused on the development in the field of Variable-pressure Elec-
tron Beam Lithography [16]. We have shown that although this technique was previously
demonstrated only for small patterns, it can be easily scaled-up to provide a robust and
stable fabrication technique capable of a long-running exposures for the large-area struc-
ture fabrication. We have also demonstrated the replacement of traditionally used water
vapors by nitrogen atmosphere simplifies the process allowing easier pressure control. The
chapter continues with description of research in the field of structural colouring where we
have demonstrated some of the basic concepts that can be used, and addressed some
of the common problems that arise from fabrication of plasmonic nanostructures with
resonances in the visible range [18].

The chapter dedicated to the fabrication of plasmonic nanoantennas in the THz range
showed up that even when the critical dimensions of the fabricated structures are not too
small, a special care and wise exposure strategy has to be taken in order to perform the
patterning in a reasonable time and get expected results. In this chapter, an add-on for
KLayout software allowing customized placement of individual write fields was presented
together with its demonstration for periodic structures fabrication.

The last chapter focuses on the plasmonic metasurface characterisation using quanti-
tative phase microscopy techniques. At first we have successfully demonstrated wide-field
phase imaging of the plasmonic metasurfaces for the first time using Coherence-controlled
Holographic Microscopy [25]. We have also presented a simple 2D flat plasmonic meta-
surface lens and successfully demonstrated the measurement of 3D phase distribution
of the field above the lens surface. Our experiments continued with modification of
the Coherene-controlled Holographic Microscopy setup which allowed characterization
of state-of-the-art plasmonic metamaterials based on the geometrical phase concept [28].
In the last experiments, we have demonstrated applications of brand-new Quantitative
4G Optical Microscopy for the geometrical phase metasurface characterization that out-
performs all currently known techniques of plasmonic metasurface characterization by its
unprecedented lateral resolution allowing imaging of the individual metasurface building
blocks [31].

In conclusion, we have demonstrated that far-field Quantitative phase imaging tech-
niques are one of the most promissing techniques for plasmonic metasurface characteriza-
tion, that open new possibilities for an easy check-up of fabricated structures, although
there is still a lot of space for further development and integration of these techniques to
standard metasurface nanofabrication workflow.
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