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Abstract
Nanoscale emitters offer the potential to downscale the size and increase the efficiency of our current optoelectronic devices. Controlling the optical response of these emitters in terms of directionality and polarization is a requirement for using them in nanophotonic applications. To control this
emission we can use dielectric nanoparticles that support Mie-like resonances and therefore have a
strong light-matter interaction. Nanowires support different resonances along their long and short
axis, which allows for polarization dependent coupling and scattering. Excitonic emission from twodimensional emitters exhibits in-plane polarization, is translation invariant and can maintain nanoto microscale lateral dimensions. Tungsten disulfide (WS2 ) is of special interest because it has a
bandgap in the visible regime, a high spin-orbit coupling and a strong exciton binding energy. In
this report, we show how we can control the PL emission from monolayer WS2 by making a hybrid metasurface out of monolayer and a carefully designed array of Si nanowires on sapphire. We
discuss the design procedure of the nanowires that support modes for a single polarization for the
excitionic emission of monolayer WS2 . With e-beam lithography, we fabricate these Si nanowire
metasurfaces on sapphire and analyze their optical response with dark-field spectroscopy. We stamp
WS2 monolayer via deterministic transfer on a planarized nanowire array that has a large polarization contrast. The stamping procedure causes the monolayer to fracture into smaller flakes. We
report a polarization dependent photoluminescence with a polarization purity of 0.63 ± 0.0075 and
find evidence of exciton emission coupling to the nanowires. Future work should focus on enabling a
higher polarization purity as well as directional emission control.
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Chapter 1

Introduction
Next generation optoelectronic devices will require a higher efficiency and reduction in size, compared to those in our current technology. Even though our current bulky components are efficient,
they are too large for these nanophotonic applications. Nanoscale emitters, such as quantum dots
(QD), fluorescent molecules and two-dimensional (2D) transition metal dichalcogenides (TMDCs),
are promising alternative light sources that allow for this size reduction, but require emission control
in terms of polarization and directionality for visible wavelengths (1). Nano-sized dielectric particles
can be used to control emission due to their strong light-matter interaction, while maintaining the
size reduction and potentially increasing the efficiency of the device (2). Their strong interaction with
light originates from their nanoscale resonant modes. Light from nanoscale emitters can couple to
the near-field of these nanoparticles and by changing the particle geometry, environment or material,
one can gain more control over the radiation properties of single emitters (3).
Previous work by Curto et al. reported highly directional emission from a QD by placing it on a gold
nanoscale Yagi-Uda antenna (4). The conducting metal particles in gold support collective oscillations of electrons, called plasmons, which allow for a strong coupling of light. The reported unidirectional scattering is, however, only possible when the QD is placed exactly at the right location within
the cluster within ∼10 nm accuracy. This makes it difficult to reproduce and therefore unsuitable for
large scale applications. Moreover, QDs have a three-dimensional (3D) polarization, which makes
controlling their polarization challenging. Other promising nano-emitters are 2D TMDC materials,
that have emission with an in-plane polarization due to quantum confinement in the out-of-plane
dimension. Tungsten disulfide (WS2 ) and molybdenum disulfide (MoS2 ) are popular 2D materials
because they support excitons at room temperature and have their bandgap energies in the visible
(5). Especially excitons in monolayer WS2 have exceptionally high binding energies up to 0.71 eV
(6). 2D TMDCs have a translation invariant emission, that does not require spatial alignment with
nanoparticles, like with QDs.
Earlier work has shown that resonant plasmonic structures can increase the photoluminescence (PL)
from TMDC monolayers, when placed in direct proximity. For example, Cheng et al. demonstrated
the use of single Silver (Ag) nanowires on WS2 to enhance the PL by a factor three (7). However,
densely packed arrays of nanoparticles enable a collective optical response, which is more suitable
for a translation invariant emitter (8). This type of array was demonstrated by Butun et al., who
found 12-fold PL enhancement of MoS2 by using Ag nanocylinders (9). Plasmonic nanoparticles can
turn unpolarized emission from WS2 into linearly polarized light, as was shown by Han and Ye (10).
However, plasmons are known for their high losses through parasitic absorption (11). They also
quench the PL of 2D TMDCs due to charge transfer to the plasmons and can induce local strain
(12; 13).
5

Over the last decade, high-index dielectric materials have gained significant attention for nanostructures due to their low losses and ability to support both electric and magnetic Mie-type resonances
(14). A widely used material is monocrystalline silicon (Si), because of its low radiative losses in
the visible and its high refractive index. Monocrystalline Si has specifically low absorption losses
compared to polycrystalline and amorphous Si.
The application of these Mie-resonant structures for controlling excitonic emission is demonstrated
by Zhang et al., who demonstrated that with non-local resonances in a photonic cyrstal the PL of
MoS2 is enhanced by a factor 1300 (15). This begs the question if local metasurfaces also allow for
the control of excitonic emission. Cihan et al. reported that single Si nanowires allow for polarization
and directionality control of the excitonic emission from monolayer MoS2 (2). Control of direction
with a metasurface is demonstrated by Bucher et al., who demonstrated the wet-etch transfer of
MoS2 on a Si nanocylinder array and reported emission redirected out of the substrate plane as well
a PL enhancement (16). However, polarization control of excitonic emission with a local metasurface
remains elusive.
In this report, we demonstrate that with a densely packed array of Si nanowires on a sapphire
substrate we can obtain a polarization dependent PL of the excitonic emission from monolayer WS2 .
We will fabricate Si nanowires using e-beam lithography (EBL), which allows for precise designs.
Furthermore, we show that by deterministic transfer, a method that does not require a wet chemical
process like the method of Bucher et al., we can stamp monolayer WS2 on an array of Si nanowires
(17). Our results represent an important step in the development of hybrid metasurfaces to control
excitonic emission of 2D emitters for future optoelectronic devices.
The outline of this report is as follows. In chapter 2, we start with a numerical analysis of geometrical resonances in nanowires and their polarization dependence. Moreover, we will discuss designs
for polarization control of excitonic emission from WS2 . In chapter 3, we outline the fabrication process for Si nanowires on sapphire and Si substrates. We then analyze the optical response of the
fabricated samples with dark field spectroscopy in chapter 4. Thereafter, we select a nanowire array
with an optimal geometry for the control of linearly polarized emission. In chapter 5 we discuss the
transfer of WS2 monolayer to the same nanowire array, and measure the polarization dependent PL.
Lastly, we give a summary and outlook in chapter 6.
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Chapter 2

Optical resonances in nanowires
High refractive index dielectric nanoparticles exhibit a very strong light-matter interaction due to
their ability to support geometrical resonances. In this chapter, we will investigate these features
in nanowires. First we discuss the geometrical resonances in nanowires in section 2.1 and perform
an analysis with numerical simulations in section 2.2. We then analyze the polarization dependent
scattering of infinite and finite wires in section 2.3. Lastly, we discuss nanowire designs to control
the polarization of WS2 excitonic emission in section 2.4.

2.1

Geometrical resonances

To understand the resonant effects of rectangular dielectric nanowires, we have to investigate the
mechanisms at play. First, we need to consider that the refractive index is higher inside the material,
and thus the wavelength inside the material is compressed (18). When the size of a stucture is to the
wavelength of light, the particle acts like a Fabry-Perot cavity (19). A Fabry-perot cavity consists of
two opposing mirrors, in which light is internally reflected. In this way, high field intensities build
up, when the system is on-resonance. For rectangular structures these states correspond to geometrical resonances. The intuitive condition for a resonance is when an integer number of wavelengths
matches a round trip (18) and therefore satisfies
2l = p(λ/n).

(2.1)

Here, l is the length of nanoparticle, p is an integer number, λ is the wavelength of light and n is the
refractive index of the particle. At the resonance wavelength there is a strong coupling of light to the
nanoparticle due its high local density of states (LDOS). The coupled light scatters strongly from the
nanoparticle, considering that these dielectric particles have relatively low absorption losses. These
resonances are called ’leaky modes’, referring to the finite in and out coupling of light (18). Earlier
work has already shown how the the spectral position of these resonances can be tuned by changing
the geometry of the particle (3).
Dielectric nanostructures can support the excitation of both electric and magnetic dipoles (ED, MD)
at the resonance wavelengths (20). A dielectric material induces an internal polarization by rearranging its bound charge distribution to counter the external electric field of the incident light. This
polarization induces a magnetic field loop (fig 2.1b), which corresponds to an ED. In contrast to plasmons, that counter the field by moving their free charge, the bound charges in dielectric materials
also allow for the formation of dielectric displacement current loops. This loop induces a MD in the
wire (fig 2.1). In short, a dielectric nanowire supports both EDs and MDs and, as we will see in
section 2.3, higher order multipoles, .
7

Figure 2.1: Schematic representation of an in-plane magnetic (left) and electric (right) dipole induced in a
dielectric nanowire and the incident light with the corresponding electric (E) and magnetic (H) field an kvector. The electric fields are shown in red and the magnetic fields in blue.

2.1.1

Polarization dependent resonances of nanowires

For asymmetric particles such as nanowires, we have to take into account the different orientations
of the electric and magnetic fields of light. As shown in figure 2.2, we distinguish transverse electric
(TE) polarization, with the electrical component perpendicular to the long axis of of a nanowire or
transverse magnetic (TM) polarization with the electrical component parallel to the long axis (fig.
2.2). To satisfy Maxwell’s equations the electric fields on the boundary between wire and air need
to be equal. However, for electric field component perpendicular to the wire the boundary conditions
are different then for the electric field parallel to the wire. Hence, along the length and width of
the wire different modes are supported. The polarization of the incident light, therefore, dictates to
which mode the incident light will couple. This effect will be analyzed further in section 2.3.

Figure 2.2: Schematic representation of the top view of a nanowire with the electric (E) and magnetic (H) field
of TM and TE polarization. The k-vector is pointing in to the plane and shown in black.

8

2.2

Numerical simulation of geometrical resonances

Geometrical resonances in rectangular nanowires cannot be calculated analytically (20). However,
they are very similar to Mie-resonances, which describe a similar light trapping in spherical particles
and can be analytically determined. In this section we discuss how we can use numerical simulations
to analyze field profiles and scattering properties of Si nanowires without a substrate and on a Si or
sapphire substrate.
Due to the wire’s resonant modes, light is drawn into the nanowires and is either absorbed or scattered back. The cross sectional area of the incident beam that couples into the particle is the extinction cross section (σ ext ), which is the sum of the scattering cross section (σscat ) and absorption cross
section (σabs ). To quantify the scattering from nanowires, we define the scattering efficiency (Q scat )
as
σ ext − σabs σscat
Q scat =
=
,
(2.2)
σ geo
σ geo
where σ geo is the geometrical cross section. Q scat therefore quantifies the light-matter interaction. A
Q scat > 1 means that the scattering cross section is larger than the geometrical cross section and the
light-matter interaction is strong. A Q scat < 1 means that light is barely coupling to the nanowire.
Note that Q scat is a dimensionless quantity, whereas σscat has the unit [nm2 ] for a 2D cross section
of a wire.
To determine Q scat , we use finite-difference time-domain (FDTD) simulations using the commercial
software Lumerical (21). We use the following simulation setup. A total-field scattered-field (TFSF)
source illuminates the nanowire with a plane-wave (λ = 400-800 nm). As shown in figure 2.3 this
creates a box enclosing our structure, which separates the incident field from the scattered field. By
placing six 2D power monitors, for a 3D simulation, enclosing the TFSF source box in the scattered
field area, the power of the scattered light is monitored. We then find the scattering cross section by
normalising the power calculated by the monitors with the source intensity and calculate Q scat with
equation 2.2. Field monitors are placed at the cross sections of the structure to extract the intensity
and the electric and magnetic field components. This allows us to make cross section field profiles
with corresponding current loops.
All structures are simulated in air or with a substrate in air. For Si we use the built-in material
properties (22). Lumerical does not provide an accurate FTDT model for sapphire’s material properties, so the refractive index is set to 1.77. We place a simulation box for 3D simulations and a square
simulatons area for 2D simulations enclosing the nanowire and monitors. The substrate extends beyond the simulation boundaries. For single wires we use perfectly-matched-layers (PML) to simulate
an infinite substrate and prevent any interference of scattering from the boundaries. To simulate
nanowire arrays, periodic boundary conditions are used on the sides of the particle, to mimic an infinite array. We use automatic non-uniform meshes and a refinement mesh of 3 nm in and around
the nanowire and analyze TE and TM polarization separately by changing the in-plane angle of the
incident plane-wave.

9

Figure 2.3: Model setup for simulations in Lumerical. Copied and edited from (21).

2.3

The infinite and finite nanowire

In this section, we will use numerical simulations to determine the influence of TE and TM polarization on the resonant properties of an infinite wire. We then investigate the behavior of the resonance
for both polarizations for a nanowire with a finite length.
We start by using a 2D simulation in Lumerical to determine the field profiles and Q scat of an infinite
Si nanowire (100 x 100 nm) in free space. When we plot the Q scat as function of wavelength, as shown
in figure 2.4a, we observe two peaks for TE polarized light λ = 453 nm and λ = 582 nm and one peak
for TM polarized light λ = 598 nm. At these peaks Q scat is maximal and the nanowires have a very
strong light-matter interaction. These peak wavelengths, therefore, correspond to the nanowire’s
resonances. As our intuition predicts, we find different resonances for each polarization due to the
fact that different modes are excited along the width and length of the wire. We investigate the
resonances by making a field profile of the nanowire cross section at the resonance wavelengths. The
TE resonance at λ = 453 nm clearly shows a dielectric current loop and a node in the magnetic field
intensity and therefore corresponds to an ED perpendicular to the nanowire (fig. 2.4b,e). At λ =
582 nm, we find an MD parallel to the wire indicated by the electric field lines passing through the
middle of the nanowire. The magnetic field intensity shows two high intensity areas caused by a
high density of magnetic current loop going in and out of plane (fig. 2.4c,f). With similar arguments
we can conclude that the TM resonance at λ = 598 nm corresponds to a MD perpendicular to the wire
(fig. 2.4d,g).
In summary, we observe that for the infinite wire TE and TM polarized light excite resonances at
different wavelengths, that correspond to an ED or MD. Especially for TM polarization, Q scat is
reaches a relatively high value indicating a very strong light-matter interaction. Here, we already
see how there is contrast between the value of Q scat for TE and TM polarization. This combination of
strong scattering and high polarization contrast are important for creating linearly polarized light,
as we will explain more in section 2.4.
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Figure 2.4: Electric and magnetic field profiles of the nanowire cross sections at the resonance wavelengths
of an infinite wire with a height and width of 100 nm. The colorbar represents the normalized electric (b-d)
and magnetic field (e-g) intensity and the magnetic and electric field lines are shown in grey. A grey box that
indicates the nanowires shape and a scale bar equal to 100 nm are shown as insets. b and e show the field
profiles for λ = 453, c and f for λ = 582 nm nm and d and g for λ = 598 nm.

Next, we investigate what happens for the same wire (100 x 100 nm) with a finite length. With 3D
simulations, we analyze Q scat as function of wavelength and nanowire length for both TE and TM polarized light (fig 2.5). As the length decreases from infinity to smaller lengths the two TE modes blue
shift. For TM polarization the finite wire can support more modes, that blue shift with decreasing
length. By looking at the field profiles, we can identify the modes as MDs, EDs or even a magnetic
quadrupoles (MQ) and electric or magnetic octupoles (EO, MO) as indicated in the colormap.
11

Figure 2.5: Q scat as function of wavelength and nanowire length for a Si nanowire in free space. The identified
modes are shown as insets, where ED and MD represent electric and magnetic dipoles, MQ represents a
magnetic quadrupole and EO and MO represent magnetic octopules.

In contrast to the infinite wire, the finite length allows for the excitation of higher order modes.
We therefore, investigate the field profiles of the MD (λ = 641 nm), the MQ (λ = 553 nm) and the
MO (λ = 489 nm) for a wire with dimensions 100 x 400 nm, as shown in figure 2.6. Dielectric
current loops are excited by the incident electric fields, which results in a MD or magnetic multipoles
perpendicular to the nanowire. The magnetic field intensity plots show the formation of nodes in
the wire as bright areas. Shorter wavelengths allows for the formation of more nodes. When the
nanowire length decreases the wavelength also needs to be shorter to excite these modes. Hence,
we observe a blue shift for the modes with decreasing length. The blueshift of the modes is stronger
for the modes excited by TM polarized light, which can be explained by the fact that for the electric
field is parallel to the wire and therefore a change in length has a stronger influence on the TM
resonance. For smaller lengths (< 200 nm) the higher order modes are not supported and the ED,
MD spectrally overlap. For TM polarization the MO, EO, MQ and MD modes converge into one mode
as the nanowire length approaches infinity. In the plot for TE polarized light, we observe dark bands
that blueshift with increasing length. These bands are a result of relatively strong absorption and
are observed in the same position when plotting the absorption efficiency (Q abs = σabs /σ geo ). This
plot can be found in the Appendix. The ED mode for TM polarized light is relatively broad, which is
a result of radiative losses due to less efficient mode confinement (3).
In summary, we observe that for a wire with finite length TM polarization can induce higher order
multipoles, whereas an infinite wire can only support a MD. By changing the nanowire dimensions
we can change the spectral position of the resonance peaks. In the next section, we will discuss how
we can use this geometry and polarization dependence to design a nanowire to control polarization
of a local emitter.
12

Figure 2.6: Field profiles for a 100 x 400 nm nanowire of the magnetic dipole (MD) at λ = 641 nm (a, d),
the magnetic quadrupole (MQ) at λ = 553 nm (b, e) and the magnetic octupole (MO) at λ = 489 nm (c, f).
The colorbar represents the normalized electric (a-c) and magnetic field (d-f) intensity and the magnetic and
electric field lines are shown in grey. A grey box that indicates the nanowires shape and a scale bar equal to
100 nm are shown as insets.

2.4

Nanowires for polarization control

In this section, we will determine a nanowire design to control the polarization of excitonic emission
from monolayer WS2 . We make the step from a single Si nanowire in free space to a Si nanowire on
a sapphire substrate. We then analyze Q scat for nanowire arrays with different dimensions at the
peak emission wavelength of the excitonic emission at λ = 620 nm for TE and TM polarization.
As we observed in the previous section, we can tune the TE and TM resonance by changing the
dimensions of the nanowire. For the purpose of tuning the TE and TM modes, we want to have a
single mode in the vertical direction to prevent complex interference between higher order modes.
We therefore, choose to set the nanowire height to 100 nm, where we operate in the regime of a
single mode, as discussed in the previous section. Excitons have in-plane dipole moments and can
only couple to the horizontal modes in the nanowire.
A small spacing between the nanowires increases the near-field coupling of the excitonic emission
from the WS2 monolayer to the nanowires and enhances the excitation and emission rates (23).
Therefore, we place the wires close together with a 300 nm pitch. The nanowires are placed on a
sapphire substrate, which is transparent and has no absorption losses in the visible. In the presence
of a substrate the modes will slightly redshift (10-50 nm), since sapphire has a higher refractive
index than air (3).
To create linearly polarized excitonic emission, we need to design a nanowire that is resonant for
a single polarization at the exciton emission wavelength of WS2 . The WS2 emission will therefore
mostly couple to and scatter light with the polarization of the mode. In section 2.3, we observed that
TM polarized light, in contrast to TE polarized light, can excite modes at wavelengths above λ = 600
nm, which is the regime where the excitonic emission peaks (λ = 620 nm). We therefore design the
13

nanowire as such that it does not support TE modes and has a strong resonance for TM polarization
for λ = 620 nm. In this way, coupling to the TM mode is highly favored compared to the TE mode,
due to the high LDOS and the scattering will be mostly TM polarized, and thus linearly polarized.
With 3D numerical simulations, we analyze the scattering efficiency of an array of Si nanowires on
sapphire as function of nanowire width and length at λ = 620 nm (fig 2.7). For nanowires with lengths
larger than 200 nm, we ensure a distance of 100 nm between the wires. This, however, changes the
pitch along the length of the wire from 300 nm to a pitch up to 600 nm. A change in pitch shifts the
resonance’s spectral position and can be seen in the contour plots as vertical bands interrupting the
resonance trends. In the simulation, we also take into account the rounded edges of the fabricated
nanowires, which will be explained in the next chapter.

Figure 2.7: Map of Q scat (colorbar) for λ = 620 nm, for TE (a) and TM (b) polarization as function of nanowire
length and width.

Figure 2.7a shows how for TE polarization Q scat is close to zero for widths smaller than 70 nm,
indicating that the wires in this area don’t support TE modes. For TM polarization (figure 2.7b)
we find bright regimes where Q scat is higher than 6 for lengths larger than 200 nm. The bright
regimes for TM polarized light are a result of the excitation of an ED or MD resonance. Based on
these findings we expect that wires in the regime where the TE response is minimal (width < 70 nm)
and where the TM response is large (length > 200 nm), have a large polarization contrast. In the
next section, we will outline the process of fabricating this parameter space on a silicon-on-sapphire
substrate (SoS).
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Chapter 3

Nanofabrication of Si metasurfaces
In this chapter, we describe the cleanroom fabrication process of Si nanowire arrays on a sapphire
substrate with EBL. In section 3.1, we outline the recipe used, after which we explain the analysis
of the nanowires with scanning electron microscopy (SEM) in section 3.2. Lastly, we discuss an
important problem encountered during fabrication, in section 3.3.

3.1

Fabrication procedure

In this section, we will fabricate nanowire metasurfaces within the parameter space discussed in
section 2.4. We also fabricate the same parameter space with a larger pitch (1 µm) to study the
optical response of single isolated wires. The recipe to fabricate Si nanowires on a sapphire substrate
is first optimized on a Si substrate. Here, we will outline the fabrication steps for both substrates
separately.

Figure 3.1: Schematic of the cleanroom fabrication process for a Si substrate.

The 12 x 12 mm monocrystaline Si substrate is laser-cut from a 4" Si wafer. Before fabrication the
substrate is cleaned to remove dust and other contaminants by submerging in isopropyl alcohol (IPA)
15

and acetone for 30 s and blow-drying with nitrogen after to avoid the formation of stains on the sample.
The recipe, as shown in figure 3.1, is based on making an etch mask patterned with EBL on top of
the substrate. When the Si is etched, the Si under the mask will not be etched away, which leaves
the nanowires patterned into the surface once the etch mask is removed. The nanowires are small
structures covering only a small part of the sample. We therefore use a negative tone resist, which
forms a glass-like layer and functions as an etch mask, when illuminated with an electron beam. We
spin coat a 70 - 100 nm layer of the negative tone resist, hydrogen silsesquinoxane (HSQ) (3000 rpm,
45 s) and bake it for 3 min at 180°C on a hot plate. We perform EBL with a Raith Voyager e-beam
lithography system (50 kV, LC40, 0.246 pA). Since HSQ is strongly affected by environmental conditions, we use a large range of e-beam doses (1500-3500 µC/cm2 ) to ensure the fabrication of the
designed nanowire dimensions, somewhere within this range. For the Si sample nanowires of 100 x
200 nm (350 nm and 1 µm pitch) and 50 x 100 nm (200 nm and 500 nm pitch) are patterned. The
sample is developed in tetramethylhydro-oxide (TMAH) (25% solution) for 120 s at room temperature, which removes the HSQ that is not exposed. To stop the development, the sample is submerged
in deionized water for 30 s and IPA for 30 s and blow dried. We perform reactive ion etching (RIE)
(CHF3 15.0 sccm, SF6 10.0 sccm and O2 3.0 sccm; Forward power 150 W; 20°C) with an Oxford instrument’s PlasmaPro 80 to etch away a Si layer of 100 nm. The etch time was based on the etch rate
known from the etch calibration done with the SoS sample, which will be described in section 3.1.1.
The Si underneath the HSQ etch mask remains intact and therefore results in nanowires with a 100
nm height, once the residual HSQ is removed with a hydrogen fluoride (HF) (1% solution) wet etch
for a duration of 60 s. Finally, the sample is rinsed in IPA and blow dried.

Figure 3.2: Schematic of the cleanroom fabrication process for a Si on sapphire substrate.

The 12 x 12 mm SoS substrate is laser-cut from a 4" sapphire wafer with a layer of 500 nm epitaxially
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grown monocrystaline Si acquired from MTI Corporation. We clean the substrate with IPA and
acetone and additionally place it in a supersonic bath for 10 min and submerge it in base piranha (50
ml deionized water, 10 mL 3:1 ammonia solution, 10 mL 3:1 hydrogenperoxide solution, at 78 °C) for
15 min to remove organic residues. The SoS sample was cleaned more thorough, to ensure a clean
surface, which is important for successful nanofabrication, as we will see in section 3.3.
As shown in the recipe in figure 3.2, we need to first thin down the sample before we continue with
the recipe steps described for the Si substrate. The 500 nm Si layer is first etched down in steps to
a height of 100 nm with RIE. After each step the height of the Si layer is measured using an optical thickness measurement system (Filmetrics F20). The system measures a reflectance spectrum,
which is then fitted with the transfer matrix method to determine the height of the Si layer (22). The
measurement after etching to 100 nm is shown in figure 3.3. We find that the theoretical reflectance
for a 95 nm Si layer on sapphire follows the measured reflectance curve well.
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Figure 3.3: Reflectance meaurement (blue) the SoS substrate using an optical thickness measurement system.
The graph is fitted in yellow using the transfer matrix method for a Si thickness of 95 nm.

After thinning the Si layer, we continue with the same recipe as applied for the Si substrate. Because
sapphire is electrically insulating, exposure to an electron beam can cause negative charge buildup
in the sample. This can cause beam deflection, which would result in blurry imaging and a reduced
pattern resolution. We therefore spin coat a layer of the conductive polymer, ϵ-spacer, after spin
coating HSQ. For EBL we choose a smaller dose range 2100 - 3100 µC/cm2 , that follows from previous
fabrication results of the Si sample. The patterned parameter space consists of widths of 20 - 140
nm and lengths of 100 - 500 nm with a pitch of 1 µm and a pitch ranging between 300-600 nm, as
described in chapter 2. We take a larger parameter space than discussed previously, as the fabricated
nanowires may have different sizes compared to the the initial design. We follow the same procedure
as described for the Si sample, by developping with TMAH, etching the Si with RIE and removing
the etch mask with HF.
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3.1.1

Etch calibration

An etch calibration is made to calculate the etch rate of the RIE process, which is used to determine
the duration of the RIE step. We make two etch calibrations, because the etch rate changed due to
maintenance on the plasma etcher.
In figure 3.4, the thickness of the etched Si as function of the etching time is plotted and fitted with
a linear function for both situations. From this fit follows an etch rate of 0.79 ± 0.02 nm/s before and
1.14 ± 0.03 nm/s after maintenance. For both graphs the fit follows the data points. Even though the
errors on the data points measured after the maintenance aren’t evenly distributed, both errors on
the etch rates are comparable in size and since we already find a linear trend before the maintenance,
we can conclude that the linear fit is also valid after maintenance.

Figure 3.4: Etched silicon as function time with data points in purple and a linear fit in yellow (a) before
maintenance and (b) after maintenance.

3.2

Scanning electron microscopy characterization

With the SEM we can detect nanometer sized structures, which are not be visible with an optical
microscope. In a SEM the sample is illuminated with a focused beam of electrons and the secondary
electrons scattered from the sample are detected (24).
To avoid negative charge accumulation, we spin coat the SoS sample with ϵ-spacer. With a SEM (5.0
kV, 100 pA) we acquire the images as shown in figure 3.5 for both the Si and SoS substrate. Figure
3.5a and b show nanowires arrays on the Si substrate with sizes 100 x 200 nm (1 µm pitch) and 110
x 210 nm (350 nm pitch), respectively. Figures 3.5c and d show nanowire arrays on the sapphire
substrate with sizes of 110 x 475 nm (1 µm pitch) and a densely packed array with nanowire sizes 80
x 360 nm. The resulting nanowire arrays are uniform and well developed.
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Figure 3.5: SEM images of Si nanowires on the Si substrate with sizes 100 x 200 nm and 1 µm pitch (a) and
110 x 210 nm with 350 nm pitch (b). Si nanowires on the sapphire substrate with sizes (c) 110 x 475 nm with
1 µm pitch and (d) 80 x 360 nm with a 300 nm pitch. The scale bar is equal to 1 µm

The fabricated nanowires dimensions are determined by calculating the size of a pixel using the
horizontal field width of the SEM image. By determining the number of pixels along the nanowire
dimensions we can find their sizes. Large nanowire designs suffer more from overexposure while
smaller designs tend to under-develop. Also for a 1 µm pitch, the arrays compared to the smaller
pitches arrays. Nanowires are larger in the center of the array compared to the edges. This can be
attributed to the proximity effects from the EBL fabrication step. When patterning an array, the
nanowires receive electrons from the exposure of their neighbours. This effect is stronger in the
center, where nanowires have more neighbors, compared to the edges, where nanowires have fewer
neighbors. The edges of the array get less exposure and therefore form smaller particles. From SEM
images it is clearly visible how the wires did not develop as rectangles, but the edges are rounded off.
This can also be attributed to the proximity effect. It should be noted the ϵ-spacer causes the images
of the SoS substrate to appear more rough and the wires more asymmetrical.

3.3

Surface roughness hinders nanofabrication

The recipe as described in the previous section, initially, resulted in unevenly developed nanowire
arrays on the sapphire substrate (fig. 3.6a). To check whether the non-uniformity is related to the
substrate topography, we measure the sample roughness with atomic force microscopy (AFM). We
find that the non-uniform sample has a mean roughness 8.45 nm. We then compare this sample to a
sample from a different batch and find a mean surface roughness of 2.11 nm. Carrying out the same
fabrication recipe resulted in a uniform pattern of nanowires as shown in figure 3.6b. The blurry
rectangles on the SoS sample are a result of carbon deposition during SEM imaging.
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3D maps of the surface of both samples reveal how the surface is more rough for the non-uniform
sample (fig. 3.6c), compared to the uniform sample (figure 3.6d). Note that the maximum measured
height of the non-uniform and uniform sample is 79 nm and 28 nm, respectively. This observation
shows that a large surface roughness can hinder nanofabrication.

Figure 3.6: A SEM image of a nanofabricated SoS sample with an nonuniform pattern (a) and a uniform
pattern (b). The scale bars correspond to 10 µm. 3D AFM maps measured with an AFM of the surface of two
unprocessed SoS samples with a nonuniform pattern (c) and a uniform pattern (d). Note that the range on the
z-axis is different for the uniform and nonuniform sample.
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Chapter 4

Resonant response of fabricated Si
nanowires
In this chapter, we analyze the optical response of the Si and SoS samples fabricated as outlined
in the previous chapter. We start by discussing the setup used to measure dark-field spectroscopy
to analyze the scattering for both TE and TM polarization in section 4.1. Again, we use the FDTD
simulations to validate our measurements. We investigate the polarization dependent scattering
response of nanowires for the Si and SoS substrate in section 4.3 and 4.4, respectively. Lastly, in
section 4.5 we present a metasurface, that we will use for further integration with the monolayer
WS2 , as described in chapter 5.

4.1

Dark-field spectroscopy

The dark-field spectroscopy measurements of the nanowires are carried out with WiTec α300 confocal
Raman microscope. In figure 4.1 a schematic illustration is shown of the setup. The sample is
mounted on a XYZ-piezo stage and illuminated by a halogen lamp (Zeiss HAL 100) under grazing
incidence by a Zeiss EC Epiplan-Neofluor 100x objective (NA = 0.9). We illuminate under grazing
incidence to eliminate the specularly reflected light from the sample in the reflection paths and
only measure the light scattered by the nanowire. The scattered light is either redirected by a beam
splitter onto a CCD camera or sent through a polarization analyzer and collected via a 7 µm core fibre,
which allows us to filter TE and TM polarized light. Via the fibre the light is sent to a UHTS WiTec
300 spectrograph (620 nm center wavelength and 1800 lines/mm grating) and an Andor EMCCD
camera (T= -60°C). The dark-field spectra are calculated as
I NW − I dark
,
I Lamb − I dark

(4.1)

where I NW is the scattering spectrum of nanowires and I dark are the dark counts. (I Lamb ) is the
scattering spectrum of a Lambertian reference, which allows us to divide the spectral changes of
the halogen lamp out. We use a TiO2 powder as a Lambertian reference, that scatters light equally
strong at each wavelength. The dark-field measurements are a result of 80 accumulations with an
integration time of 1 s for the samples and 0.2 s of the reference. The difference in integration time
is taken into account in the normalisation of the spectra.
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Figure 4.1: Schematic of the dark field spectroscopy setup with the WiTec.

4.2

Simulating the scattering efficiency

We perform FDTD simulations of Si nanowire arrays on Si and sapphire, as described in section
2.2, to provide a theoretical comparison for the dark-field spectroscopy measurements. We use the
documented sizes of the nanowires from the SEM images to simulate and compare the arrays. The
rounded edges of the fabricated nanowires, as mentioned in section 3.2, are taken into account in the
simulations. We obtain the nanowire’s contour from the SEM image and use this shape in Lumerical
(figure 4.2). σ geo is determined by calculating the area inside the contour.

Figure 4.2: The contour (yellow) of a nanowire is used to correct the shape in for simulations. The scale bar is
equal to 50 nm.
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4.3

Si nanowires on Si

We start by investigating the optical response of Si nanowires on the Si substrate with dark-field
spectroscopy. The color of the arrays in dark-field (fig. 4.3) reveals the resonant effects of the arrays.
A densely packed array with nanowire dimensions 110 x 210 nm with 300 nm pitch appears green,
whereas an array of nanowires with dimensions 95 x 190 nm with 1 µm pitch appears yellow. Even
though the resonance peaks of both array are positioned at wavelengths corresponding to blue light,
the arrays seem to scatter a different color. However, since we don’t normalize for the halogen lamp
spectrum, which has a peak emission in red, the colors of the arrays look different than based on the
resonance spectra.

Figure 4.3: A dark-field images of metasurfaces of Si nanowires on the Si substrate for (a) a densely packed
array with nanowire dimensions 110 x 210 nm with 300 nm pitch and for (b) nanowires with dimensions 95 x
190 nm with 1 µm pitch. The scale bar is equal to 20 µm.

To analyze the fundamental optical response of nanowires, we continue with the array of large
pitched nanowires. Due to the larger distances in these nanowire arrays, coupling between nanowires
is weaker, and therefore these coupling effects will not dominate the spectra.
As described in section 3.2, a higher e-beam dose results in a larger particle size. Since not all the
nanowire dimensions of the arrays were documented, we consider 3 arrays with different e-beam
dose (2500 µC/cm2 , 4300 µC/cm2 , 5300 µC/cm2 ) to study the trends for an increase in particle size.
We plot the dark-field scattering spectra for the 3 arrays as function of wavelength without filtering
the polarization and observe that with increasing dose, the resonance peak redshifts and increases in
height (fig. 4.4a). The scattering intensity increases with increasing particle size, because for larger
particles the polarizability increases (3).
For comparison, we analyse σscat by simulating single Si nanowires on a Si substrate with 3D numerical simulations and an unpolarized light source. The size of the nanowires with dose 2500 µC/cm2
is measured with SEM, the sizes of the other nanowires are approximated by looking at the trend
between e-beam dose and particle size for other documented nanowires. The simulated e-beam doses
2500 µC/cm2 , 4300 µC/cm2 and 5300 µC/cm2 correspond to nanowires with dimensions (80 x 175
nm, 120 x 220 nm and 140 x 245 nm, respectively. The simulation shows a similar trend for the
spectral position of the resonances with increasing particle size and is consistent with the increase
in scattering intensity, as shown in figure 4.4b.
However, the simulation shows two peaks, while in the measurement we observe one peak. This
mismatch between simulation and measurements might be caused to a difference in the angle of the
incident light. In the simulation a plane-wave is launched under 0° incidence, while for dark-field
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spectroscopy the sample is illuminated at an oblique angle. With a non-zero angle of incidence, light
can also couple into the nanowire’s vertical modes and might couple less efficiently to the in-plane
modes. Another explanation is that σscat is calculated from the scattering in all directions, while
with the measurement we only collect the light that is scattered upward. This could be of influence,
considering most light scatters into the substrate due to its high LDOS compared to air.
We can conclude that the measurements of this metasurface on the Si substrate are in agreement
with the simulations with regard to the trend between size and the spectral position of the resonance
and the trend between size and increase in scattering. This sample, that was used for optimizing
the fabrication recipe shows we can analyze the spectra with dark-field spectroscopy. We therefore,
continue with analyzing the SoS sample in the next section.

Figure 4.4: (a) Measured scattering intensity and (b) simulated σscat as function of wavelength of Si nanowires
on the Si sample for 3 electron beam doses. The simulated e-beam doses 2500 µC/cm2 , 4300 µC/cm2 and 5300
µC/cm2 correspond to nanowires with dimensions 110 x 210 nm, 120 x 220 nm and 140 x 245 nm, respectively.

4.4

Si nanowires on sapphire

Next, we analyze the scattering spectra of arrays of Si nanowires on sapphire. We expect the that
the modes will be less coupled to the substrate, because of the lower refractive index of sapphire. To
gain additional insight, the following experiments are polarization-resolved.
First, the resonant response and its dependence on nanowire geometry can already be observed
with dark-field imaging. Figure 4.5 shows how the arrays scatter mostly blue and green light, and
with increasing length and width the arrays scatter more green light. The colors are a result of the
resonant coupling to blue and green light and as the nanowire dimensions increase the resonance
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peak red shifts, which results into more coupling to and scattering of green light. The different color
in the center and edges is caused by the proximity effect that occurs during EBL.

Figure 4.5: Dark-field image of 50 x 50 µm nanowire arrays on a sapphire substrate. The rows alternate
between densely packed arrays and wires with 1 µm pitch. From left to right the width increases and from top
to bottom the length increases. The scale bar is equal to 100 µm.

In chapter 2, we learned how TE and TM polarized light can excite different modes, which can
be tuned by changing the particle width and length. Here, we analyze the TE and TM modes by
comparing the dark-field spectra of nanowires and fixing one dimension, length or width, and varying
the other.
In figure 4.6a, we plot the simulated and measured spectra for the densely packed arrays with
nanowire dimensions of 30 nm in width and lengths of 70 nm, 130 nm, 185 nm, 250 nm and 275
nm. For both measurement and simulation the mode redshifts with increasing length, but the TM
resonance shifts stronger. We also investigate influence of the width increase by plotting the measured and simulated spectra of wires with a length of 275 nm and widths of 35, 65 and 95 nm. As
the width increases the resonances seem to redshift, but now the TE resonance shifts stronger. This
polarization dependent resonance shift is expected, as TE and TM polarized light have their electric
field along the width and length of the nanowire, respectively. The TM mode is therefore mostly dependent on changes in the length of the nanowire and the TE mode on changes along the width. The
observed redshift with increasing length is relatively small compared to the redshift with increasing
width. For small lengths the redshift is stronger compared to larger lenghts, as we observe in the
simulations shown in figure 2.5. As the nanowire width is smaller than the length, we expect this
larger redshift for variations in the width.
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Figure 4.6: Dark-field spectra and simulated σscat of densely packed nanowire arrays for TE (blue) and TM
(purple) polarization. a) shows the measurement and b) the simulation for arrays with a fixed nanowire width
of 30 nm and increasing lengths of 70 nm, 130 nm, 185 nm, 250 nm, 275 nm. c) shows the measurement and
d) the simulation for arrays with a fixed nanowire length of 275 nm and increasing widths of 35 nm, 65 nm,
95 nm. Note that the graphs are plotted with an offset.
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For densely packed arrays hybridization can occur. Neighbouring nanowires can couple to each other,
which causes their modes to split into bonding and anti-bonding states (25). This mode splitting
is observed in both simulation and measurement, but the peaks in the blue spectral range seems
stronger in the measurement. This and other discrepancies between simulation and measurement
may be attributed to a difference in incidence angle or large scattering into the substrate as mention
in section 4.3. To verify if hybridization is indeed occurring, we compare the spectra for TM polarized
light of a densely packed array and an array of nanowires with large spacing (1 µm), but with the
same nanowire dimensions (45 x 435 nm).

Figure 4.7: Dark-field spectra of a densely packed array and an array of nanowires with large spacing of 45 by
435 nm nanowires for TM polarized light. hybridization occurs at the resonance at λ = 500 nm for the dense
array, but does not occur for the nanowires with a large spacing.

As shown in figure 4.7, the resonance at λ = 500 nm splits up for the densely packed array due to
hybridization and is absent for the wires with a large spacing. The absence of hybridization for the
resonance at λ = 700 nm, can be explained by the width of the resonance. A wide peak has a larger
loss rate and hybridization only occurs when the exchange rate between nanowires is higher than
the loss rate (25). Because the hybridization does not occur for the resonances at higher wavelength,
which is where are the excitonic emission peaks for monolayer WS2 , we can argue that hybridization
will not influence the workings of our metasurface.
These measurements show how the spectral position of the TE and TM resonances changes independently of each other with varying width or length. This allows us to obtain an array with a strong
polarization contrast at the peak emission wavelength, as disussed in the next section.
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4.5

Metasurface for polarization control

As explained in section 2.4, we want to control the polarization of excitonic emission in monolayer
WS2 . This requires a metasurface with large contrast between TE and TM scattering at the emission
wavelength of 620 nm. We also discussed that a densely packed array will increase the coupling
between excitonic emission and the metasurface. Based on these two criteria and by analyzing the
dark-field spectra, we choose a nanowire array with dimensions 65 x 100 x 275 nm for the integration
of the monolayer WS2 . The dark-field image, as shown in figure 4.8, reveals that this metasurface
has a resonance in red. The dimensions of these wires are in agreement with the size regime (length
> 200 nm, width < 70 nm) that was determined in section 2.4.

Figure 4.8: Dark field image of a nanowire array with particle size of 65 x 100 x 275 nm.

The dark-field spectra for the selected arrays show a large contrast between TE and TM polarized
light at a wavelength of 620 nm (fig. 4.9). The TM is a factor 10.7 larger than the TE polarized
light. By simulating the the nanowire array and investigating the field profiles, we can identify the
resonances. As shown in figure 4.9b, the TE peak at λ = 481 nm corresponds to a MD, the TM peak
at λ = 480 nm corresponds to a MQ, the TM peak at λ = 545 nm corresponds to a MD and the wide
resonance that peaks around λ = 550 nm corresponds to an ED. The field profiles can be found in the
appendix. The discrepancies between measurement and simulation can again be attributed to the
larger hybridization effects in measurements, difference between experimental setup and simulation
lay-out, and scattering into the substrate.

Figure 4.9: Measured scattering intensity with dark-field spectroscopy (a) and (b) simulated σscat for an array
of 65 x 290 nm nanowires with a height of 95 nm. A dotted grey line is plotted at the peak emission of excitons
in monolayer WS2 (λ = 620 nm.
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Chapter 5

2D material integration with
metasurface
In this chapter we will discuss the integration of monolayer WS2 on the metasurface described in
the previous section. First, we discuss how excitons in TMDCs can serve as nanoscale emitters and
focus on the properties of WS2 in section 5.1 and 5.2, respectively. We then explain the deterministic
transfer of monolayer WS2 in section 5.3. In section 5.4, we discuss the detection of monolayer
WS2 and characterization of excitonic emission through PL measurements. Lastly, we review the
polarization dependent PL response of our hybrid metasurface with WS2 in section 5.5.

5.1

TMDC monolayer excitons

In semiconductors, excitons are the bound state between an electron that is excited into the conduction band and its associated hole in the valence band, which are attracted to each other by the
Coulomb force (26). When the electron and hole recombine, a photon is emitted with the energy of
the exciton. The energetic position of the exciton in the band diagram is between the conduction and
the valence band. As shown in the band diagram in figure 5.1a, the position is lowered with respect
to the conduction band by the exciton binding energy E b , which is a result of the attractive Coulomb
force. When an exciton decays, the energy of the photon that is emitted via this sub-bandgap energy
transition, is equal to the energy of the optical bandgap (E opt ), which is defined as

E opt = E g − E b ,

(5.1)

where E g the electronic bandgap energy.
2D TMDCs lead to strong excitonic effects due to quantum confinement (27). TMDCs semiconductors
are a combination of a transition metal atom (Mo or W) and two chalcogen atoms (S or Se) and
have their bandgaps in the visible or near-infrared (28). The atomic composition of TMDCs can be
expressed by the formula MX2 , where M is the metal and X the chalogen atom (5). The atoms are
arranged in a planar hexagonal structure, with the atoms bound by in-plane covalent bonds and
crystal planes bound by weak Van der Waals forces.
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Figure 5.1: a) Schematic representation of the bandgap in TMDC monolayers. E g represents the bandgap
energy. E opt is the optical bandgap energy and represents the exciton excitation energy and E b the exciton
binding energy. The conduction band minimum (CBM) and valence band maximum (VBM) are indicated in
orange. The figure is taken from (26). b) Schematic representation of the field lines between electron and hole
in bulk material (top) and monolayer (bottom). The figure is taken from (27).

The properties of TMDCs change as they are thinned down to a single layer, known as monolayer.
The indirect bandgap in bulk TMDCs turns into a direct bandgap in monolayer and enables electron
excitation without the assistance of a phonon, which results in more efficient absorption (29). Due
to the stronger spin-orbit coupling, the exciton is split into A (X A ) and B excitons, where A is the
ground-state excitons with an energy of the optical bandgap. In bulk material the Coulomb force
between electron and hole is screened by the dielectric environment, as shown in figure 5.1b (27). In
contrast, for monolayers the electric field lines between the electron and the hole can extend beyond
the material. The reduced screening increases the Coulomb attraction, which results in high exciton
binding energies and stable excitons and charged excitons (trions, XT ) at room temperature (29).

5.2

Tungsten disulfide

Among the 2D TMDCs , monolayer WS2 is of particular interest, because of its strong spin-orbit coupling, large E b , and strong coupling between excitons and trions (5). The strong spin-orbit coupling
results in a large separation between the A and B excitons, which both appear at visible wavelengths.
In this way, we can study the A exciton without interference from higher energy excitons. Also, in
contrast to Se-based TMDCs, S-based TMDCs enable a high quantum yield (30). For these reasons
we continue with WS2 for the integration with the metasurface. As discussed before, the metasurface
is tuned to a wavelength of 620 nm, which is where the PL emission of the A exciton approximately
peaks (5). This spectral position can shift due to temperature changes or material impurities (29).
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5.3

Deterministic transfer of WS2

Here, we describe the transfer of monolayer WS2 to the nanowire array as presented in section 4.5.
As we will see in this section, stamping of a monolayer on nanostructures proves to be challenging.
We will therefore, discuss three attempts; stamping on bare nanowires, stamping without removing
the stamp and stamping on planarized nanowires.
In order to stamp a monolayer WS2 on the nanowire array we use the stamping method as developed
and described by Castellanos-Gomez et al. (31; 17). This method is based on using a viscoelastic
material as a stamp. This material behaves as an elastic solid material on small time scales and
behaves like a viscous fluid on longer time scales. Therefore, by peeling off the stamp after bringing
it in contact with the sample, the flakes will most likely attach to the sample.
We use the WiTec setup as described in the section 4.1 with LED lamp as a light source instead of the
halogen lamp and Zeis Epiplan 5x, 20x and 50x long working distance objectives. The WiTec setup
is explained in section 4.1 and will not be discussed here.

Figure 5.2: The setup for aligning the monolayer with the metasurface. The sample is fixed on a heating stage
which is mounted on a XYZ-piezo stage. The stamp with WS2 flakes is attached to a glass slide that can be
moved by a stamping stage (not drawn).

We use polydimethylxiloxane (PDMS) as the viscoelastic stamping material. PDMS is transparent
and allows us to use the WiTec microscope setup to align the WS2 flake with the nanowire array on
the SoS sample, as shown in figure 5.2. For precise alignment of the monolayer and metasurface
we use a custom stamping stage based on an XYZ-micromanipulator. The sample is fixed with a
piece of PDMS on a custom in-situ heating stage that is connected to a Enda ET2011 PID temperature controller. The heating stage is mounted on the XYZ-piezo stage to align the sample with the
objective.
Before stamping, WS2 is exfoliated onto PDMS. The PDMS stamp is attached with double-sided tape
to a glass slide that is fixed to the stamping stage. After aligning the monolayer with the nanowire
array, the stamp is slowly lowered onto the sample. Upon contact, the heating stage is heated to 55°C
for 180 seconds. By heating the sample, the PDMS becomes more viscous making the monolayer
transfer to the sample more likely (32). In our experience, a temperature of 55°C has proven work
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well for the fabrication of 2D materials, while also limiting the amount of PDMS residues on the
monolayer. After heating, the PDMS is peeled off as slow as possible to ensure the viscous behavior
of PDMS. In practice, the contact front which is travelling edge where PDMS and sample are in
contact, moves about 1 µm/s.
First we attempt to transfer a WS2 monolayer on bare nanowires. After exfoliating on PDMS, a
monolayer flake is identified with PL measurement as described in the next section. As shown in
figure 5.3a, the monolayer which is outlined in yellow, is located at the edge of a larger flake. For this
attempt we stamp on a different nanowire array (35 x 290 nm), which showed a similar response as
the metasurface chosen in section 4.5. With the microscope, the monolayer is aligned with the center
of the metasurface, where the nanowire dimensions are more consistent compared to the edges. We
also avoid the nanowires that were affected by carbon deposition from the SEM. As shown in figure
5.3b, during the stamping the flake broke off at the edge of the nanowire array. Adhesion to the flake
was prevented, which is attributed to the combination of strain induced by the height difference and
the uneven surface of the nanowires.

Figure 5.3: Stamping progress on plane nanowires. a) WS2 flake with monolayer on PDMS. b) The metasurface
after peeling of the stamp. The scale bar is equal to 20 µm and the monolayer is outlined in yellow

Next, we attempt to leave the stamp attached to the substrate without peeling it off, and measure
PL through the PDMS. After identifying a new monolayer (fig 5.4a) we follow the same stamping
procedure on the same metasurface as the previous attempt, but we do not peel the PDMS. As seen
from figure 5.4b, we cannot properly focus on the monolayer, due to the rough surface of the PDMS.
PL measurements are carried out as described in the next section.

Figure 5.4: Stamping without peeling off the stamp. a) WS2 flake with monolayer on PDMS. b) the WS2 flake
with monolayer on a metasurface seen through PDMS. The monolayer is outlined in yellow
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Lastly, we try by planarizing the metasurface to create a smooth surface for improved adhesion
between monolayer and sample. For this, we use a transparant and low absorbing thermoplastic,
polymethylmethacrylate (PMMA) (33). In the presence of the PMMA layer, the scattering spectra
of the nanowires will slightly redshift, because PMMA has a different refractive index than air (Appendix). After an O2 plasma surface treatment, we spin coat PMMA (950K A8; 1:3 anisole solution;
4000 rpm; 45 s) and bake it for 120 s at 180°. We perform a local height scan next to the structures
using a profilometer (KLA-Tencor P7) and find a PMMA layer height of 42 nm. It should be noted
that this is the height next to our structures. The true height of the PMMA layer on our nanowires
is not known and might be different.

Figure 5.5: Stamping on a planarized metasurface. a) WS2 flake with monolayer on PDMS. b) The stamp with
WS2 stamped on the metasurface. c) Fragmented flakes of monolayer on the metasurface after peeling. The
monolayer is outlined in yellow

We can already see how this crystal flake (fig 5.5a) is surrounded by bulky crystal flakes compared
to previous flakes that were more free standing. Figure 5.5b shows the monolayer aligned with the
metasurface. However, upon peeling the PDMS, the bulky flakes obstructed proper contact between
the monolayer and sample. By repeatedly retracting and lowering the stamp, we manage to deposit
fragments of monolayer on the metasurface and sapphire, as shown in figure 5.5c. This fragmentation may be attributed to excessive strain induced in the monolayer from repeatedly stamping. At
the bottom left corner of figure 5.5c we can observe how the is PMMA ripped due to the stress exerted on it. Even though the monolayer fragmented, we successfully transfer monolayer WS2 to the
metasurface by planarizing with PMMA.

5.4

Photoluminescence spectroscopy

We can identify monolayers by measuring the PL, due to their direct bandgap. We measure the PL
with the same WiTec setup as discussed in section 4.1, only now we illuminate the sample with a
continuous wave laser λ = 532 nm (fig 5.6a).
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Figure 5.6: a) The setup for PL measurements with a 532 nm laser. b) PL spectrum of a monolayer WS2 on
PDMS (black) fitted with a double Lorentzian (red). The contribution of XT (blue) at 1.99 ± 9.2·10−4 eV and
X A (green) at 2.02 ± 4·10−5 eV are shown as colored areas.

We measure the laser power with an optical power meter. Even though a very small monolayer flake
ended up on the sapphire, the spectrum was not reliable to calibrate the TE/TM detection efficiency
of the setup, because it did not give the same TE and TM response over multiple measurements. We
therefore normalise the PL measurements with their maximum PL for TM polarization. We take
out the systemic error induced by the analyzer with the PL measurements of a monolayer on PDMS.
Every spectral point is therefore measured as
PL T M − PL dark
max(PL T M − PL dark )

(5.2)

PL re f ,T M
PL TE − PL dark
∗
,
max(PL T M − PL dark ) PL re f ,TE

(5.3)

PL T M,norm =
and

PL TE,norm =

where PL dark are the dark counts and PL re f is the reference spectrum of a monolayer on PDMS.
The PL measurement is fitted by two Lorentzian curves representing the A exciton and the trion
(XT ).
We perform this fitting on measurement of monolayer WS2 on a PDMS substrate (fig. 5.7b). We find
the center of the A exciton peak at 2.02 ± 4·10−5 eV and a full width half maximum (FWHM) of 23.6
± 0.13 meV. The trion peaks at 1.99 ± 9.2·10−4 eV and has a FWHM of 40.9 ± 2.2 meV.
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5.5

Polarization dependent photoluminescence

In section 5.3, we discussed 3 attempts for the transfer of monolayer to the metasurface. Here,
we analyze with PL the monolayer emission only of the planarized metasurface, as the unpeeled
metasurface showed a very small polarization contrast. The measured laser power for the PL measurement on the planarized metasurface is 2.27 µW.
Because the monolayer fragmented on the planarized metasurface, a spatially resolved PL map (18
x 44 µm; integration time = 0.2 s, 150 x 150 pixels) is made to confirm the presence of monolayer
WS2 , as shown in figure 5.7. The bright areas in the map correspond to fragmented flakes of WS2
monolayer. The microscope drifted slightly out of focus during the measurement, leading to blurring
of the PL map. This can be seen as unsharp edges of flakes at the bottom half of the map, as well a
flake not showing up at all. From the upper half of the PL map we can observe that the monolayer
flakes yield a homogeneous PL response, when properly in focus.

Figure 5.7: Spatially resolved map (18 x 44 µm; integration time = 0.2 s, 150 x 150 pixels) of the PL intensity.
The bright areas correspond to monolayer. The red dot in the microscope image indicates the location where
the polarization dependent PL is measured.

Now that we have identified the presence of WS2 , we compare the normalized PL intensities for
TE and TM polarization. By bringing the monolayer in contact with the metasurface, the emission
will couple to the nanowires, which yields a polarization dependent PL response. To quantify this
polarization dependent PL response, we define the polarization purity based on the area under the
fitted curves as
R
PL T M
R
p= R
.
(5.4)
PL T M + PL TE
Here, a polarization purity of p = 0.5 would indicate an equal TE and TM response. p = 1 would
indicate a pure TM polarization.
As shown in figure 2b, the planarized metasurface shows a strong difference between TE and TM
polarization. The PL is measured on a large monolayer fragment as indicated by the red dot in figure
5.7. We measure a similar polarization contrast on all monolayer fragments with slight differences,
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which can be attributed to strain on the monolayer. By fitting the PL curves we find a polarization
purity of p = 0.63 ± 0.0075. The lower intensity observed for TE polarized emission is proof of
polarization dependent exciton coupling to the nanowires. However, the TE response is still present.
We attribute this to the possibility that not all excitons couple to the nanowires, because the PMMA
reduces near-field coupling due to a larger distance between nanowire and exciton.
The PL intensity of monolayer on sapphire is 3.5 times higher than monolayer on nanowires. Due
to the coupling of excitonic emission to the nanowires and therefore faster decay of excitons, we
would expect a larger emission of excitons (23). Our observations are in contrast to this, but may be
explained by the fact that coupled light mostly scatters into the substrate due to the high LDOS (4).
This scattered light is not detected, since we collect PL emission with a top objective. Radiative life
time measurements of the excitons could provide definite proof of this mechanism.
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Figure 5.8: Normalised PL intensity as function of wavelength for the planarized metasurface for TM and TE
polarization. The curve is fitted with a double Lorentzian. For TM we find the A exciton peak (center = 2.02
± 1.5·10−4 eV, FWHM = 43.9 ± 0.87 meV) and a trion peak (center = 2.00 ± 8.8·10−4 , FWHM = 27.3 ± 0.47
meV). For TE we find the A exciton peak (center = 2.02 ± 8·10−5 eV, FWHM = 29.5 ± 0.29 meV) and a trion
peak (center = 1.98 ± 1.2·10−3 , FWHM = 56.1 ± 2.2 meV).
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Chapter 6

Summary and outlook
6.1

Summary

In this report, we show that we can control the polarization of excitonic emission from monolayer
WS2 with a Si metasurface on sapphire.
We perform numerical simulations with Lumerical to analyze geometrical resonances in Si nanowires.
We analyze the scattering efficiency and the electric and magnetic modes in an infinite wire and a
finite wire for TE and TM polarization. With field profiles at the cross sections of the wire we identify
the resonances as EDs, MDs or higher order modes and observe a redshift with increasing length for
both polarization. We find that for TM polarized light, modes start to appear when a wire reaches a
finite length. Also, the TM polarization excites higher order modes in the nanowire. We then design
a Si nanowire array on sapphire for the polarization of excitonic emission and determine a regime
(length > 200 nm, width < 70 nm), where the nanowires support modes for TM polarization, but not
for TE polarization.
This parameter space is cleanroom fabricated on a sapphire substrate with EBL, making use of a
negative tone resist, TMAH to develop the resist, RIE for Si etching and HF for resist stripping. The
recipe is first optimized on a Si substrate, before moving on to a SoS substrate. We then observe that
a high surface roughness of the SoS substrates hinders nanofabrication. With SEM microscopy we
confirm the presence of nanowires and determined their shapes and sizes.
We measure the optical response of the nanowire arrays with dark-field spectroscopy on a WiTec confocal microscope. For the Si sample we observe a redshift and intensity enhancement with increasing
e-beam dose, which is proportional to laterally larger nanowires. For the SoS sample, the measured
resonances show a redshift with increasing length and width for TM and TE polarization, respectively, which is in agreement with our expectation and the numerical simulations. We attribute the
difference between simulation and measurement to a difference in angle of the incident light and the
fact that we measure only the light from the top, whereas in simulation light is collected in every
direction. We then select a metasurface with a large polarization contrast at λ = 620 nm to control
the polarization of excitonic emission.
To integrate 2D WS2 with our fabricated metasurfaces, we try various techniques for stamping monolayers. Attempts of stamping the monolayer directly on the nanowires are unsuccessful and not peeling the stamp results in a very small difference in polarization. By planarizing the metasurface with
a layer of PMMA, the transfer succeeds, but the monolayer fragments into multiple smaller flakes
due to repeated stamping.
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A spatially resolved PL measurement confirms the presence of monolayer on the metasurface and
shows a homogeneous PL response. We analyze the excitonic emission with PL and find a difference
between TE and TM scattering confirming the coupling of excitonic emission to the nanowires. A
polarization purity of p = 0.63 ± 0.0075 is found and represents an important step towards full
control over excitonic emission from 2D emitters.

6.2

Outlook

Before these hybrid metasurface can be implemented into future optical devices, there are some
challenges that need to be addressed. Earlier work also reported PL enhancement when integrating
TMDC monolayers with nanostructures (2; 15; 16). We did not find an enhanced PL emission in
these measurements, which could be attributed to light scattering mostly into the substrate. To find
definitive proof the PL enhancement we could measure the radiative lifetime of excitons in monolayer
WS2 and in the monolayer integrated with the metasurface (34). It is expected that the lifetime of
the excitons will decrease, because of the high Purcell factor provided by the nanowires.
Because of the high LDOS in the substrate, the polarization contrast might not be the same at
every detection angle. To more precisely quantify the polarization, we could perform polarimetry to
calculate the degree of polarization, as described by (35). We could also measure the PL by using an
inverted objective to collect light that is scattered into the substrate.
After characterizing the current behavior of the emission and directional scattering from the nanowires,
we could try to increase the polarization contrast for PL. As for the design, there might be more efficient nanowires on our SoS sample, but this would require more experimental inquiry. An evident
improvement, would be to make the PMMA layer thinner or try to remove the PMMA altogether.
In this way, the distance between the monolayer and nanowires decreases, which could increase the
coupling between the excitonic emission and nanowires.
We observed that transferring monolayer onto nanowires is challenging. The repeated stamping on
the metasurface caused the monolayer to fragment. For the implementation into future optical devices, we would require the ability to stamp larger flakes. A follow-up experiment should determine
if it is possible to transfer monolayer flakes in their entirety on the metasurface.
The results described in this report can provide a foundation for future optoelectronic devices, allowing for a remarkable reduction in size. Future work should focus on directional emission control
and enabling a higher polarization purity, as well being more suitable for integration into future
nanophotonic applications. A possible route for directional control could be, making a dielectric Yagi
Uda antenna, similar to the gold antenna from (4). This would require tweaking the design to make
it suitable for translation invariant emitters. We could also explore controlling both polarization and
direction with a dielectric nanowire array, which could be done by designing an asymmetrical array,
of nanowires with different sizes, as demonstrated by (36).
To conclude, we need to overcome challenges related to the design and fabrication of our hybrid
metasurface. Here, we have set important first steps, showing the ability to couple the excitonic
emission of monolayer W S 2 to an array of Si nanowires, which resulted in polarization dependent
PL.
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Figure 1: Q abs as function of length and wavelength for TE polarized light. The bright lines blueshift with
decreasing length and correspond to the dark lines found in figure 2.5.

Figure 2: The scattering cross section for an array of nanowires with dimensions 65 x 95 x 275 nm on a
sapphire substrate, simulated in a PMMA environment (interupted line) and in air (straight line) for TE
and TM polarization. The resonance peaks in PMMA environment deform and redshift with respect to the
resonances in air.
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Figure 3: Field profiles of at the resonances of a nanowire with dimensions 65 x 95 x 275 nm as discussed in
section 4.5, the TE peak at λ = 481 nm corresponds to a MD, the TM peak at λ = 510 nm corresponds to a MQ
and the wide resonance that peaks around λ = 540 nm corresponds to an ED
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