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Abstract

In the nuclear fusion reactor ITER microwave radiation will reach high power densities due
to external injection and emission by the plasma. To prevent overheating of sensitive com-
ponents, selected vacuum windows should reflect this microwave power. However, infrared,
visible and ultraviolet radiation must still be transmitted for optical diagnostics.

Graphene exceptionally combines a high cutoff wavelength (IR/visible transmittance) with a
high conductivity (needed for microwave reflectance), due to its extraordinary electron mobil-
ity. To determine whether graphene can be used as a microwave-reflective and IR/visible/UV-
transmissive coating, the optical properties of large area graphene grown with Chemical Va-
por Deposition (CVD) are assessed. This assessment is done with THz Time Domain Spec-
troscopy (THz-TDS) at 200-1750 GHz, Fourier Transformed Infrared Spectroscopy (FTIR)
at 11-210 THz/27.6-1.4 µm and a microwave transmission and reflection setup at 140 GHz.

The broadband THz-TDS and FTIR transmittance curves are fitted consistently by means
of a parametrization for the optical conductivity of graphene. This allows for extrapolation
of the transmittance data and calculation of the corresponding reflectance and absorption.
It is found that typical CVD graphene can block up to 50% microwave power while being
transmissive into the far infrared, i.e. for wavelengths below ∼100 µm. The transmittance
reaches around 97.7% in the near infrared, visible and UV. These are promising features,
as the achieved infrared transmittance is superior to that of conventional alternatives such
as indium tin oxide. Still, approximately 42% of the 50% microwave blocking is due to
absorption rather than reflection. The 140 GHz microwave setup could not validate these
results, presumably due to microwave propagation around the graphene. In future work the
sheet resistance of ∼500 Ω/� can be lowered by layer stacking, doping and/or grain boundary
filling to increase microwave reflectance. Furthermore, absorbed microwave power may be
sufficiently dissipated considering the excellent thermal conductivity of graphene. Graphene
can thus be successful as a microwave-blocking coating with unparalleled IR transmittance.
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Chapter 1

Introduction

Graphene, a single layer of carbon atoms, has potential in a broad area of applications
ranging from nanoelectronics to transparent conductive layers. The goal of this work is
to investigate whether graphene can be used as a coating that is reflective for microwave
radiation and transparent in the infrared, visible and ultraviolet. In this introduction it
is explained why such a coating is desired in a future nuclear fusion reactor, which can
generate net power without burning fossil fuels or producing long-lived radioactive waste.
Furthermore, it is explained why graphene can potentially perform better than conventional
approaches and the research questions are specified.

1.1 Fusion energy

During the past decades environmental concerns on global warming and pollution as well as
the limited availability of fossil fuels have launched the search for sustainable alternatives
(see e.g. [1]). However, in 2013 still over 80% of the world energy supply was generated
using oil, coal and natural gas while solar and wind energy accounted for less than 1.2% [2].
Clearly a drastic change in the energy mix is needed to power the world in a sustainable
manner.

This energy gap could be filled by nuclear fusion, which can become an ultimate solution
for providing sustainable energy. In nuclear fusion two light atoms, namely deuterium and
tritium, are fused together to form helium and a neutron. This reaction releases a large
amount of energy: over 100 million times the typical thermal energy of a particle at room
temperature [3]. The central idea is that this energy can be extracted and converted into
electricity.

A nuclear fusion power plant has several advantages over present day energy sources. Firstly,
no CO2 or other greenhouse gases are produced and the main reaction product, helium, is
harmless. Radioactive structural material is generated by activation, but this has a short
lifetime such that the required storage time is relatively short (i.e. on the order of 100 years).
Secondly, the used fuel (deuterium and tritium bred from lithium) can be acquired practically
limitless. And finally, the fusion process is inherently safe. Contrary to contemporary fission
reactors, a fusion reactor does not rely on a sustained chain reaction and the total amount
of fuel in the reactor is small at all times [3].
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1.2 Challenges in fusion research and the focus of this work

Before fusion can become a significant player in the energy mix, outstanding technological
challenges must be solved. Technological issues arise from the fact that a lot of energy has
to be put into the plasma to make the fusion reactions happen. The high power input
and plasma temperatures result in immense heat and particle loads on the plasma facing
components which can therefore be destroyed. To prevent this from happening, research is
done on e.g. plasma facing materials and the magnetic confinement of the plasma. Proper
plasma behavior is not only vital to protect the reactor, but also to contain fusion power
such that the reaction is mostly self-sustained and more energy is being produced than put
in. Right now ITER is being built in the south of France to brake this barrier. ITER
is a largescale international experiment that aims to demonstrate the feasibility of fusion
energy by producing 500 MW of fusion power while consuming 50 MW of heating power.
An important method to heat the plasma is the injection of high frequency microwave power
(i.e. in the mm-wave regime). This thesis focuses on how to prevent propagation of excess
microwave power through vacuum windows.

Microwave radiation is not only used at ITER for heating, but also for controlling of the
tokamak plasma and for diagnostics. Firstly, Electron Cyclotron Heating (ECH) at 170
GHz provides an input power of 20 MW for heating, current drive and start-up assist.
Secondly, a 1 MW gyrotron will inject a probing beam for Collective Thomson scattering
(CTS) at 60 GHz [4]. As a result of reflections at the wall and scattering by the plasma,
directed microwave beams tend to become scrambled into a more uniform and isotropic
stray radiation field. Since the CTS frequency is selected such that the beam is scattered
rather than absorbed, this 1 MW source significantly contributes to the total amount of
stray radiation. Finally, the plasma emits microwave radiation itself by Electron Cyclotron
Emission (ECE) losses. In a high performance plasma ECE can even become the main
contributor to the stray radiation field [4]. All together the microwave power density can
locally go up to 1 GW/m2 for a directed beam with a cross section of a few cm2 and down
to several tens of kW/m2 of stray radiation over the whole vessel [4].

To prevent microwave power from penetrating into port plugs and overheating sensitive com-
ponents the vacuum windows should block the microwave power. This should be achieved
primarily by reflection rather than absorption to prevent overheating of the window itself.
However, ultraviolet (UV), visible and infrared (IR) radiation must still be transmitted for
diagnostics as Thomson scattering (∼300 to 1060 nm) [5–7], polarimetry [8, 9] and interfer-
ometry [10] (IR and far infrared (FIR) up to ∼100 µm). So, a filter is required that reflects
wavelengths larger than circa 100 µm while transmitting shorter wavelengths.

1.3 Desired optical filter

Before considering potential solutions for the problem of microwave penetration through
diagnostic windows, the requirements of the desired filter are specified:

1. The components behind the filter are protected from high levels of mm-wave radiation
→ low microwave transmission: T < 0.1 below 1 THz (above 300 µm)

2. The vacuum window and filter itself are not overheated by mm-wave radiation
→ low microwave absorption: A < 0.02 below 1 THz (above 300 µm)

| TU/e | PMP | Fusion | 4
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3. The optical diagnostics still receive sufficient signal
→ high (F)IR/visible/UV transmission: T > 0.9 above 3 THz (below 100 µm)

Low microwave transmission and absorption means that the filter should be reflective for
microwave radiation. Overheating of the window should not only be prevented to avoid
breaking, but also to limit thermal radiation of infrared light that can interfere with the IR
diagnostics. An ideal (but unphysical) filter would optically behave as plotted in figure 1.3.1.
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Figure 1.3.1: Power reflection, transmission and absorption against frequency for an (unrealistic)
ideal filter, along with the required regimes as quantified in chapter 2 for graphene.

The exact values of the minimal/maximal required transmission/absorption depend on the
application (e.g. diagnostic wavelengths and protected components). The values given above
and indicated in figure 1.3.1 are quantified in section 2 for a general applicable filter. These
requirements should be met during the entire lifetime of the window. So, the specifications
should still hold after neutron irradiation, microwave heating, potential exposure to plasma
radicals and in the presence of the ITER magnetic field.

1.4 Conventional microwave-reflective coatings

A filter as described in 1.3 can be made by applying a conductive and transparent coating
on the vacuum window. A high conductivity is needed to reflect microwave radiation, while
transparency for the infrared, visible and UV is needed for the diagnostics. Materials with
such properties are generally used as Transparent Conductive Electrodes (TCEs) in optoelec-
tronic devices such as solar cells, displays, touch screens and light-emitting diodes [11, 12].
Traditionally, transparent conductive oxides (TCOs) such as tin-doped indium oxide (ITO)
are used for this purpose [11–14]. At the fusion reactor Wendelstein 7-X, ITO is considered as
a coating to shield against ECH stray radiation while transmitting in the visible regime [15].

A limiting factor for the applicability of materials as ITO is the fundamental tradeoff between
the conductivity of a material and its transparency for infrared light. This tradeoff arises
from the fact that the conductivity σ and the frequency ωp below which radiation is blocked
(i.e. the cutoff frequency) both increase with the density n of free electrons or holes in the
material [16, 17]:
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σ ∝ nµ, (1.4.1)

ωp ∝
√
n. (1.4.2)

Here µ is the mobility of the charge carriers, so the free electrons or holes. The tradeoff
between σ and ωp limits the applicability of TCOs for IR transmitting films [12,14]. Among
others, possible alternatives are conductive polymers such as PEDOT:PSS [12] and nanopat-
terned metallic films [13]. However, these also tend to have poor IR transmittance [12, 13]
and therefore cannot be used for diagnostics such as polarimetry or interferometry.

Alternatively, a metal mesh could be used to reflect microwave radiation as done in microwave
ovens. A disadvantage of this approach is that such a mesh often increases the amount of
stray light and lowers the resolution due to diffraction at the small openings.

1.5 The potential of graphene

In order to both reflect microwave radiation and transmit infrared light a material is needed
in which the free electrons have a very high mobility µ. In this way a high conductivity
can be achieved without increasing the electron density and blocking infrared, since the
conductivity scales linearly with the mobility as seen in equation 1.4.2.

This very high mobility is observed in graphene, the first two-dimensional crystal to be
discovered [18]. Graphene is a single layer of carbon atoms and possesses a number of
unparalleled properties. For example, it combines an extremely high electronic conductivity,
thermal conductivity, mechanical strength and transmittance for visible light (97.7%) [19,20].
Theoretically, a mobility of over 200000 cm2/Vs is achievable in a perfect graphene lattice
[21]. Due to grain boundaries, defects, impurities and interaction with the substrate the
mobility in large area graphene films is in practice limited to a few thousand cm2/Vs [22–24],
depending on the production method. Still this value is two orders of magnitude higher than
the typical mobility in ITO [25–29]. Because of these promising properties, graphene is
investigated as a potential microwave-reflective coating in this work.

Carbon nanotube (CNT) thin films have similar properties as graphene [12]. A randomly
oriented CNT network has an effective electron mobility on the order of 100 cm2/Vs [30–32],
where the estimated intrinsic mobility of one nanotube exceeds 100000 cm2/Vs [33]. How-
ever, CNT films are beyond the scope of this project, which is mostly due to practical reasons.
Firstly, many different types of CNT films exist, depending on tube chirality (i.e. helicity
or ’twist’), diameter, density and orientation. Typically a random mix of different types of
nanotubes (both metallic and semiconducting) is deposited. As a result, the optical proper-
ties tend to be nonuniform and badly controllable. Secondly, airborne CNT is considered to
be health hazard [34], imposing safety constrictions on the CNT deposition procedure.

1.6 State of the art of graphene

Graphene can be made in several ways, most commonly by mechanical or chemical exfolia-
tion, chemical vapor deposition (CVD) or high temperature annealing of silicon carbide [19].
Mechanical exfoiliation, perhaps better known as the scotch-tape technique, generates crys-
tals of high structural quality and great electron mobility by mechanically splitting an indi-
vidual atomic plane from a layered material as graphite. This technique is the first discovered
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method to isolate and study graphene [18]. However, it can only yield small graphene flakes
(∼1 mm) and is therefore limited to research applications (e.g. prototyping and proof of
concept studies) [19,20].

The most successful method so far for producing large area polycrystalline graphene films
is Chemical Vapor Deposition [19], giving films with a mobility of several thousand cm2/Vs
and a sheet resistance down to circa 300 Ω/� (read: Ohm per square) [22–24, 35]. In this
process graphene is grown on a metal by exposing it at a high temperature to a carbon
containing gas as methane [23,24,35]. This method is further explained in section 4.1. Using
CVD 30-inch graphene films have already been produced [22].

A high conductivity, meaning a low sheet resistance, is needed to reflect microwave radiation.
Good quality ITO films have a typical sheet resistance of Rs = 5−25 Ω/� [11,12,36], which is
superior to CVD-grown monolayer graphene films. However, there are methods to reduce the
sheet resistance of graphene towards that of ITO, for example by layer stacking [22,35,37,38],
doping [22,37,39,40] and deposition of ZnO at the grain boundaries [41].

Little data is available in literature on microwave transmission and reflection on graphene.
At 2.2-7 GHz a transmission of approximately 60% has been reported for a layer with 635
Ω/� sheet resistance [42]. More research has been done on the transmission of radiation
in the THz range [38, 43–45], infrared [46, 47], visible [47–49] and UV [47, 49]. However,
experimental data fully describing transmission, reflection and absorption over the entire
range of interest for ITER is scarcely available.

For application of graphene on a fusion diagnostic window not only its microwave reflectiv-
ity and transparency for diagnostic wavelengths should be appropriate. The coating also
has to be compatible with the conditions in the port plug. The very little theoretical [50]
and experimental [51] research done on neutron irradiation of graphene suggests significant
degradation during the lifetime of ITER (see appendix A). This degradation is mostly due
to scattering of substrate atoms through the graphene by neutron impact [50]. Furthermore,
the magnetic field present at the vacuum windows can affect the electronic behavior and cor-
responding microwave transmission of graphene by the Hall effect (i.e. by the Lorentz force
on microwave induced current). This influence is theoretically described in literature [52].

1.7 Research questions

Based on literature graphene has promising properties to serve as a microwave-reflective
filter to be applied on fusion diagnostic windows. This potential is explored by investigating
the answer to the main research question:

Can a graphene-based coating be developed with a high transmittance for UV, visible
and infrared radiation while being reflective in the microwave regime?

This research question is tackled in two stages. In the first stage the optical properties of
monolayer graphene are investigated according to the subquestion:

• What is the power reflection, transmission and absorption of microwave and infrared
radiation on monolayer graphene?

Here transmission of visible and UV radiation is excluded since this is already well doc-
umented in literature [47–49]. Fully attaining transmission, reflection and absorption of
radiation in the mm-wave regime up to the near infrared is the focus of this work.

| TU/e | PMP | Fusion | 7
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A possible outcome of this first subquestion is that the conductivity of monolayer graphene is
not high enough to reach sufficient microwave reflection. In this case more highly conductive
films should be produced while keeping satisfactory transparency in the infrared. For this
purpose few layer graphene, HNO3 doped graphene and ZnO-treated graphene are investi-
gated in the second stage of this project to reproduce the increased conductivity reported in
literature and investigate the enhancement in microwave reflectivity:

• What is the power reflection, transmission and absorption of microwave and infrared
radiation on

– few layer graphene?

– HNO3 doped graphene?

– graphene treated with atomic layer deposition (ALD) of ZnO?

As mentioned in section 1.6, the influence of a magnetic field on microwave transmission
of graphene by the Hall effect is already theoretically described in literature. Still a third
subquestion is included to work out this theory for the graphene produced in this project:

• Is the microwave transmission of graphene affected by the magnetic field at ITER?

Investigation of the effect and amount of neutron degradation of graphene is beyond the
scope of this project, since this is theoretically very challenging and experimentally very
expensive. This work focuses on providing a proof of concept film. The theoretical difficulty
of assessing neutron degradation arises from the fact that many indirect, substrate dependent
processes must be included for a reliable simulation. Subsequently, it is difficult to quantify
the new conductivity in the damaged graphene lattice. It is possible to simulate the optical
conductivity in the visible and UV range, but the DC sheet resistance is scattering limited
and dependent on phenomenological constants.

1.8 Research plan and outline of the thesis

In order to answer the formulated research questions large area graphene is produced and its
optical behavior in the microwave and infrared regimes is investigated experimentally and
theoretically. This is done at the Applied Physics laboratory of the Eindhoven University of
Technology (TU/e) within the Plasma and Materials Processing group (PMP). The PMP
group is specialized in the production of atomically thin films, including graphene.

This research is documented in this report according to the following structure. First the
filter requirements are determined in chapter 2. Whether these requirements can be fulfilled
by graphene depends on its electrical and optical behavior, which is therefore described
theoretically in chapter 3. The CVD method used for growing graphene and the diagnostics
performed for measuring its broadband transmittance in the microwave and infrared regimes
are explained in chapter 4. The results of these measurements are presented and analyzed in
chapter 5, where the transmittance data is fitted using the theory of chapter 3 to calculate
the corresponding reflectance and absorption. In chapter 6 the functionality of graphene
as a microwave-reflective filter is discussed and compared to alternative coatings. Finally,
chapter 7 presents the conclusions and an outlook is given in chapter 8.

| TU/e | PMP | Fusion | 8



Chapter 2

Filter requirements

The goal of this project is to acquire a coating that is able to reflect microwave power
while transmitting infrared, visible and UV light used in optical diagnostics at ITER. In this
chapter the requirements are determined that should be fulfilled by the pursued filter.

2.1 Maximum mm-wave transmission

The first aim of the coating is to block microwave radiation to prevent overheating of sensitive
components behind the vacuum windows. Although higher power densities can be reached
in directed beams (e.g. originating from ECH) an overall power density of microwave stray
radiation of circa 100 kW/m2 is assumed at the vacuum windows [4]. The maximum tolerable
level of stray radiation at the diagnostics behind the windows depends on many parameters
(e.g. material, size, cooling and application of the equipment). For a typical detector a heat
load of a few kW/m2 should be manageable. Given these numbers a maximum microwave
transmittance of 10% is allowed.

2.2 Maximum mm-wave absorption

Blocking microwave radiation by absorption rather than by reflection can lead to overheating
of the window itself. In order to assess how much power absorption is tolerable, a case study
is made for a d = 12 mm thick Fused Silica vacuum window (εr = 3.81 and tan(δ) =
2.9 · 10−4 at 90 GHz) [53] with a radius of R = 35 mm and thermal conductivity of k = 1.38
W/mK [54]. Approximately 2% of the ∼100 kW/m2 microwave radiation is absorbed by
such a window [53], which represents an endurable but already critical heat load. That is,
the temperature of the window rises about 38 ◦C when receiving a uniform heat load of
2 kW/m2 while being perfectly cooled at the edge (i.e. for a constant Tedge = Twall, see
appendix D.2 for the calculation). This temperature rise is plotted against time in figure
2.2.1 for several radial positions within the window. In comparison, a large Fused Silica
window with R = 80 mm and d = 20 mm rises almost 200 ◦C in temperature, potentially
resulting in mechanical failure and infrared emission interfering with the IR diagnostics.

Because of its extremely small thickness, a graphene coating has a low heat capacity and
can heat up very quickly if it is not in good thermal contact with the window. Still, an
advantage of graphene is that it has an extremely high lateral thermal conductivity of over

9
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2000 W/mK [55, 56]. Therefore it can be assumed that the temperature profile across the
graphene is more or less uniform. Moreover, it could be that heat absorbed by the graphene
is laterally dissipated to the wall before heating up the window. However, compared to the
bulk thermal conduction of the entire window, the thermal conduction of the graphene can
be neglected in terms of cooling of the window.
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Figure 2.2.1: Temperature rise plotted for different radial positions r across a Fused Silica window
that absorbs 2% of 100 kW/m2 microwave radiation. The window has a radius R = 35
mm, thickness d = 12 mm [53], density ρ = 2201 kg/m3, specific heat capacity c = 703
J/kgK and thermal conductivity k = 1.38 W/mK [54]. Microwave absorption by the
coating should be minimized to avoid overheating of the window and coating itself.

For the requirement of the maximum amount of microwave absorption it is assumed that
the graphene coating is in good thermal contact and at the same temperature as the window
material behind it. In this case power absorption is limited by the maximum tolerable
window temperature. The 2% power absorption of the discussed window corresponds to the
state of the art level for fusion diagnostic windows. Although challenging, the maximum
allowed microwave absorption of the coating is set to this acceptable value of 2%.

2.3 Minimum IR, visible and UV transmission

Finally, the coating still has to be transparent for the diagnostic wavelengths. The minimum
transmission of IR, visible and UV radiation depends on the minimum intensity needed for
the corresponding diagnostics (e.g. Thomson scattering (∼ 300 to 1060 nm) [5–7], polarime-
try [8,9] and interferometry [10] (up to ∼100 µm)). The smaller the fraction of transmitted
IR, visible or UV radiation, the smaller the signal to noise ratio of the diagnostic. About 10%
signal reduction may be acceptable provided that the coating actually has a high (>90%)
microwave reflectance. This >90% transmittance is equal to or higher than typical trans-
mittance in the visible range of ITO considered for the Wendelstein 7-X stellerator [15,57].
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2.4 Overview requirements and ITER conditions

An overview of the stated requirements is given in table 2.4.1. These requirements may be
loosened for specific applications, for example when the transmission line is not used for
infrared diagnostics. When the coating only has to be transparent for the visible regime a
higher cutoff frequency is allowed.

Table 2.4.1: Overview of the filter requirements considering power transmission T , reflection R and
absorption A for the spectral range of interest. Note that ITER also has diagnostics in
the mm-wave range which require microwave transmission. The coating is not designed
for these windows.

Range Target Frequencies Wavelengths T R A
(%) (%) (%)

mm-wave CTS, ECH 10 GHz – 200 GHz 30 mm – 1.5 mm <10 >90 <2

mm-wave, FIR ECE 200 GHz – 1 THz 1.5 mm – 300 µm <10 >90 <2

FIR 1 THz – 3 THz 300 µm – 100 µm – – –

(F)IR, visible, UV Diagnostics 3 THz – 1000 THz 100 µm – 300 nm >90 – –

With table 2.4.1 the optical requirements of the filter are established, but at ITER there
are additional requirements that must be fulfilled. During operation of ITER the port plugs
have a very limited accessibility for maintenance. Therefore the coating has to be robust.
The optical requirements should be maintained for many years under the conditions present
at the vacuum window (ITER Design Description Document [58] available upon request):

1. Microwave radiation → ∼100 kW/m2 [4]

2. Neutron radiation → up to ∼1014 n·cm−2s−1 [59]

3. Magnetic field → toroidal field up to ∼1 T at the window [60]

4. Reactive or damaging plasma species (e.g. deuterium, tritium and contaminated dust)
→ amount depending of position of window

5. Potential humidity (e.g. leakage of cooling water)

The amount of microwave absorption by graphene is determined in this thesis. Potential
degradation of the graphene due to this power absorption is briefly examined (section 5.1.4)
but not properly assessed. Likewise, neutron degradation of graphene is discussed in ap-
pendix A, but thorough assessment is beyond the scope of this project. Future research
should indicate whether microwave absorption and neutron irradiation are potential show
stoppers or not (see outlook in chapter 8). The effect of a magnetic field on microwave
transmittance through graphene is investigated theoretically (section 3.4) and experimen-
tally (section 5.1.3). Section 5.1.2 addresses the influence of humidity and/or other contam-
ination on the graphene properties (see figure 5.1.9). The exposure to plasma species may
be low depending on the position of the window (i.e. distance into the port plug; possibly
located behind a labyrinth or vacuum valve). Still, it could be that deuterium or tritium
bonds to the graphene. Such hydrogenation can open up a band gap in graphene, making
it non-conductive [61]. Thus, degradation of the graphene conductivity by bonding and/or
damaging plasma species at ITER vacuum windows should also be assessed in future work.
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Chapter 3

Theory

Whether a microwave-reflective and IR/visible/UV-transmissive coating can indeed be made
with graphene depends on its conductive properties. In this chapter it is explained how free
electrons behave in graphene and how this is translated in the transmission and reflection of
radiation from the microwave up to the ultraviolet regime.

3.1 The unique band structure of graphene

In graphene the carbon atoms are arranged in a 2D honeycomb lattice. Each carbon atom
has four valence electrons, of which three form a bond with their neighboring atom (having
in-plane σ-orbitals). The forth electron has an out-of-plane π-orbital and is delocalized [62].
This means that the π-electrons are barely constrained by the potential of individual atoms
and extend along the 2D lattice.

Figure 3.1.1: Representation of the linear
electron dispersion found in
graphene around E = 0. The
Dirac cone has a slope of
±~vF , where the Fermi veloc-
ity of vF = 106 m/s indicates
relativistic carrier dynamics.

For the π-orbitals the dispersion relation (i.e. the
relation between a particle’s energy E = ~ω and
momentum ~p = ~~k) can be calculated using the
tight-binding method, including only nearest-
neighbor interactions. This results in a unique
linear dispersion

E±(∆~k) = ±~vF |∆~k| (3.1.1)

where ∆~k is the wavevector relative to the K
symmetry points [63]. The linear dispersion
(Dirac cone) shown in figure 3.1.1 implies that
the π-electrons move around with a constant
Fermi velocity vF , regardless of their relative mo-
mentum ~∆~k. It has been shown experimentally
that the Fermi velocity has a relativistic value of
vF ≈ 106 m/s [64–66], which is over 3% of the
speed of light. This inertialess, relativistic be-
havior is reflected in the extraordinary electron
mobility achieved in graphene, making it conduc-
tive even for low carrier densities resulting in a
low cutoff frequency.
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Graphene microwave-reflective coatings Conductivity parametrization for graphene

3.2 Conductivity parametrization for graphene

The amount of transmission, absorption and reflection of electromagnetic radiation on graphene
is governed by its electical conductivity at the frequency of the wave. This will be derived
in section 3.3 by using the complex refractive index N written as

N =
√
ε =

√
1− i σ

ε0ω
, (3.2.1)

where ε is the dielectric function expressed in terms of the complex conductivity σ and
frequency ω = 2πc/λ [67]. Generally, the conductivity is frequency dependent and referred
to as the optical conductivity. For a microwave-reflective coating a high conductivity is
required at microwave frequencies, while the optical conductivity should be low at higher
frequencies (>3 THz) to be transmissive in these regimes.

At low frequencies (i.e. microwaves) electrical current is generated by shifting electrons into
other, non-occupied states within the same band, thereby changing the average momentum
~~k of these electrons. This process is called intraband conduction of which the transitions
are represented by the black arrows in figure 3.2.1. For high frequencies (i.e. visible, UV)
intraband conduction is too slow and can be neglected. In these regimes a different process
occurs, namely the excitation of electrons from the valence band into the conduction band.
This process is indicated by the blue arrows in figure 3.2.1 and described by interband
conduction.

Figure 3.2.1: Dirac cones with the filled electron states for intrinsic (EF = 0), p-doped (EF < 0)
and n-doped (EF > 0) graphene, along with intraband transitions (black arrows) and
interband excitations (blue arrows). Without doping the Fermi energy is zero, at the
point were no states are available for intraband conduction. Free holes (white dot)
are present if EF < 0 and free electrons (red dot) if EF > 0. Interband excitation is
possible if the incident photon has an energy larger than 2|EF |.

The amount of free electrons or holes is determined by the Fermi energy EF . This is the
energy up to which available electron states are filled at T = 0 K. For a perfect graphene
lattice without impurities the Fermi energy is zero [66], meaning that the negative Dirac
cone E−(∆~k) is completely filled and the upper Dirac cone E+(∆~k) is completely empty.
In this case there are no states available to which the electrons can move, meaning it is
non-conductive. However, at finite temperatures the intraband conduction is always present
as the electrons thermally enter the upper band according to the Fermi-Dirac distribution.
Moreover, in practice there is always some amount of doping of the graphene due to which
electrons are added (n-doping, positive EF ) or removed (p-doping, negative EF ). In these
cases there are free electrons in the conduction band E+(∆~k) or free holes in the valence
band E−(∆~k) that can undergo intraband transitions, making the graphene conductive.
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Since graphene is a two-dimensional material its optical performance is best described by its
2D conductance σ2D rather than a 3D bulk conductivity σ. In literature the conductivity of
a transparent conductive coating is generally reported in terms of the sheet resistance

Rs =
L

Ldσ
=

1

dσ
=

1

σ2D
, (3.2.2)

where d is the film thickness (dg = 0.345 nm for graphene [68]) and L is the length and width
of the sheet as shown in figure 3.2.2.

Figure 3.2.2: Schematic of a conductive sheet through which a current density J is induced by an
incident electromagnetic wave. The resistance Rs = L/(Ldσ) = 1/σ2D of a square
sheet as such is referred to as the sheet resistance given in units Ω/�.

The 2D optical conductivity of graphene is found theoretically by summing up the intra-
band conductivity with the interband conductivity. The intraband conductivity can be
parametrized by adopting the Drude model in which a phenomenological scattering rate
Γ describes the amount of resistive scattering of the electrons, e.g. with impurities, grain
boundaries and defects. This gives [69,70]

σintra2D (ω) =
ie22kBT

π~2(ω + iΓ)
ln
[
2 cosh(EF /2kBT )

]
≈ ie2

π~2
EF

ω + iΓ
for EF � kBT

(3.2.3)

where it is seen that a higher Fermi energy (i.e. doping) increases the conductivity while a
higher scattering rate makes the sheet more resistive. Interband conduction takes place when
the energy ~ω of the incident photon is larger than the gap of 2EF such that electrons can
be excited to the upper band (see figure 3.2.1). This is described in the parametrization [69]

σinter2D (ω) ≈ e2

4~

(1

2
+

1

π
arctan

[~ω − 2EF

2kBT

]
− i

2π
ln
[ (~ω + 2EF )2

(~ω − 2EF )2 + (2kBT )2
])

≈ 0 for ~ω � 2EF and EF � kBT

≈ e2

4~
for ~ω � 2EF

(3.2.4)

where the interband conductivity is only frequency dependent around ~ω = 2EF . At higher
frequencies the optical conductivity goes to the universal value of σ0 = e2/4~.

From equations 3.2.3 and 3.2.4 it can be concluded that for a given temperature the 2D
optical conductivity σ2D(ω), plotted in figure 3.2.3, can be optimized through the scattering
rate and Fermi energy. The scattering rate should be minimized to maximize the intraband
conductivity and microwave reflectance. Among others, this could be achieved by having a
low defect or impurity density, large grain sizes or small resistance at the grain boundaries.
A higher Fermi energy (so doping) increases the conductivity as well, but also increases the
cutoff frequency, thereby reducing infrared transmission.
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Figure 3.2.3: Real and imaginary part of the optical conductivity of graphene as a function of fre-
quency or wavelength, for a scattering rate of 17 THz and Fermi energy of 300 meV.
In the visible and UV interband excitation takes place as described by equation 3.2.4,
while intraband conduction (equation 3.2.3) is dominant at microwave frequencies.

3.3 Optical model

In this work the reflection and transmission of radiation on graphene is investigated. How-
ever, what is actually measured is the transmission and reflection of graphene on top of a
substrate. To obtain the response of graphene only the measured values of the stack are
compared to the transmission and reflection of the bare substrate. This data interpretation
is done using an optical model, which fits the measurement data and calculates the corre-
sponding reflectance and transmittance of the produced graphene. Moreover, this model is
used to calculate the theoretical response of enhanced graphene or of another material.

The following assumptions are made in the optical model:

1. The refractive index of graphene is calculated with equations 3.2.1 to 3.2.4.

2. The refractive index of the substrate has a constant value as a function of frequency
(N = 3.42 for silicon [71] and N = 2.07 for quartz [72])

3. Coherent multiple reflections are assumed in the graphene film: the electric fields of
the rays are summed

4. Incoherent multiple reflections are assumed in the substrate: the intensities of the
beams rays summed

Assumptions 3 is graphically explained in figure 3.3.1, where the refracted ray interferes
coherently in the film. For the substrate incoherently transmitted and reflected power is
assumed (assumption 4) such that this model is able to fit the measurement data. If a co-
herent substrate is assumed a strong interference pattern is calculated for the IR/visible/UV
as the substrate thickness is comparable to IR wavelengths, whereas this interference is not
measured or is filtered out (see section 5.1.1).
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Figure 3.3.1: Coherent thin film (medium 2 – graphene) on a substrate (medium 3 – quartz/silicon)
in air (medium 1 and 4). For clarity of the figure the multiple incoherent reflections in
the substrate are omitted and the rays are shown at a non-normal angle of incidence.

Transmission and reflection of the electric field at the interface between two media is calcu-
lated using the Fresnel equations [73]

tij =
2Ni

Ni +Nj
(3.3.1)

rij =
Ni −Nj

Ni +Nj
(3.3.2)

Tij =
nj
ni
|tij |2 (3.3.3)

Rij = |rij |2 (3.3.4)

where j = i± 1 is de medium before or after medium i as numbered in figure 3.3.1. Here t
and r are the transmission and reflection coefficients for the electric field and T and R are
the power transmittance and reflectance. Multiplying the transmittances of all interfaces
does not accurately result in the transmittance of the entire stack due to internal reflections.
Instead, the total transmittance and reflectance for the coherent film towards the substrate
(13 = air→substrate, 31 = substrate→air) is calculated with [73]:

T13 = T31 =
n3
n1

∣∣∣ t12t23P

1− P 2r21r23

∣∣∣2 (3.3.5)

R13 =
∣∣∣r12 + P 2t12t21r23

1− P 2r21r23

∣∣∣2 (3.3.6)

R31 =
∣∣∣r32 + P 2t32t23r21

1− P 2r21r23

∣∣∣2 (3.3.7)

where
P ≡ exp(−i2πdN2/λ). (3.3.8)

Using the incoherent limit for the substrate gives [73]:

T14 = T13T34/(1−R34R31) (3.3.9)

R14 = R13 + T13T31R34/(1−R34R31) (3.3.10)

A14 = 1− T14 −R14 (3.3.11)

for the transmittance, reflectance and power absorption of the entire stack (14 = air→air).
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Equations 3.3.9 to 3.3.11 are evaluated for theoretical defectless graphene (Rs = 30 Ω/� [74])
to obtain figure 3.3.2, where T , R and A are plotted against frequency for this graphene
suspended in air (i.e. for Ns = 1). Here it is seen that the transmission goes down for
microwave frequencies where intraband conduction becomes significant. Over 70% reflectance
could be achieved with Rs = 30 Ω/�, but the sheet resistance should be lowered even further
to increase reflectance and reduce power absorption to the desired level. In the visible and
UV interband conduction σinter ≈ e2/4~ gives approximately 2.25% absorption in this model,
which is reasonably in line with the experimentally determined value of 2.3% in literature [75].
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Figure 3.3.2: Calculated power reflection, transmission and absorption for theoretical defectless
graphene (Rs ≈ 30 Ω/�, EF = 562 meV, Γ = 2 THz), along with the required
regimes as set in chapter 2. The conductance should be further increased to meet the
requirements, for example by layer stacking or doping.

Instead of the rather elaborate model presented in this section, thin film approximations can
be used to analyze the measured substrate-normalized transmission Tsf/Ts, such as [46]

Tsf
Ts
≈ 1− 2

1 +Ns
Z0<(σ2D) (3.3.12)

where Tsf is the transmittance of the substrate plus film (graphene in this work) and Ts
that of the substrate only. Further, Ns is the refractive index of the substrate, σ2D the 2D
conductivity of the film and Z0 = 1/(ε0c) ≈ 377 Ω the vacuum impedance. From equation
3.3.12 it can be clearly seen that the influence of the substrate on the transmittance is
not completely divided out in the substrate-normalized value. The refractive index of the
substrate still must be included:

Tsf 6= TsTf ↔ Tsf/Ts 6= Tf . (3.3.13)

Equations such as 3.3.12 can be used to directly calculate <(σ2D) from the transmittance
data but are not accurate over the entire range of interest. Moreover, the elaborate model
allows for computation of T,R,A of the entire stack. In appendix B the elaborate model is
compared to a selection of thin film approximations. Furthermore, the model is experimen-
tally validated using experimental data obtained in section 5.1.2. The Matlab script that
uses this model to fit the THz and/or IR transmittance data is given in appendix D.1.
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3.4 Influence magnetic field on the optical conductivity

When a electromagnetic wave irradiates a sheet of graphene at normal incidence, as depicted
in figure 3.2.2, a current is induced in the direction x̂ of the electric field. However, when a
out-of-plane magnetic bias B0 is present (i.e. constant applied field ~B = B0 ẑ) the electrons
experience a Lorentz force in the perpendicular in-plane ŷ direction. As a result of this
Hall effect, the conduction is described by a tensor with parallel conductivity σxx ≡ σd
and perpendicular conductivity σxy ≡ σo. At zero magnetic bias (B0 = 0), the parallel
conductivity is still given by equations 3.2.3 and 3.2.4 and the perpendicular conductivity is
zero. For a non-zero magnetic bias the parallel conductivity is limited by the perpendicular
conduction σo, of which the dominant intraband part can be calculated with [52]

σo =
e

π~2
v2F eB0

(ω + iΓ)2

[
1− 2

exp(−EF /kBT ) + 1

]
≈ −e
π~2

v2F eB0

(ω + iΓ)2
for EF � kBT

= 0 for EF = 0.

(3.4.1)

Here it can be seen that the Hall effect grows linearly with the magnetic bias and is zero
for EF = 0 in which case the Hall electron current is equal and opposite to the Hall hole
current [52]. The lower parallel conductivity at a certain magnetic bias is calculated using
explicit summations reported in literature [52], which are based on the Kubo formalism and
given in appendix D.3. Except for a UV part, the summations used here for σd give the same
result as σintra + σinter calculated by 3.2.3 and 3.2.4 when B = 0 T. An illustrating result
is given in figure 3.4.1, where σd is plotted against frequency with and without a magnetic
bias of B0 = 3 T. A clear decrease in σd is seen using realistic values of the Fermi energy
and scattering rate.
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Figure 3.4.1: Real and imaginary part of the parallel optical conductivity σd as a function of fre-
quency or wavelength, with and without an out-of-plane magnetic bias of 3T (for
Γ = 17 THz and EF = 300 meV). A magnetic bias reduces σd by the Hall effect,
which can increase the transmission of an electromagnetic wave.
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Since the Hall conductivity σo does not contribute to reflection and absorption of a linearly
polarized electromagnetic wave [76] a magnetic bias can increase transmittance as it decreases
σd. In figure 3.4.2 the microwave transmittance is calculated as a function of B0 using the
optical model explained in section 3.3 and including only σd in the optical conductivity.
This is done for a varied (EF ,Γ) corresponding to a constant and realistic sheet resistance
of Rs = 470 Ω/�. For a high Fermi energy the magnetic field has little effect on σd and the
microwave transmittance. However, when the graphene is lowly doped (e.g. EF = 100 meV)
a magnetic bias of 1 T already increases transmittance by several tens of percents.
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Figure 3.4.2: Calculated microwave transmittance at 170 GHz as a function of out-of-plane mag-
netic bias, for varied chemical potential and scattering rate.

A magnetic field of 1 T is realistic at ITER diagnostic windows, but this field is mainly
parallel to the window and does not result in a Hall effect. Only a magnetic field component
perpendicular to the window contributes to an increased transmittance and this component
is not expected to become higher than a few tens of mT. So, based on the calculations shown
in figure 3.4.2 no effect of the ITER magnetic field on microwave transmission and reflection
on graphene is expected. This hypothesis is experimentally validated in section 5.1.3.
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Chapter 4

Experimental methods

The experimental investigation of graphene as a potential microwave-reflective and IR/visi-
ble/UV transparent coatings is done in three steps. First, large area graphene samples are
produced using the method explained in section 4.1. Secondly, the samples are inspected
with an optical microscope and Raman spectroscopy (section 4.2) to determine whether the
production procedure was successful and whether holes, contamination or defects are present.
Finally, section 4.3 explains the diagnostics used for characterizing the optical behavior of
the produced graphene.

4.1 Graphene growth

In order to investigate its optical properties, graphene first has to be synthesized and placed
on a suitable substrate. This section explains how graphene is grown by Chemical Vapor
Deposition on copper foil and transferred onto the required substrate.

4.1.1 Chemical vapor deposition of graphene

Large area graphene can be transferred and investigated on any desired substrate by Chem-
ical Vapor Deposition (CVD). In this method graphene is catalytically grown at high tem-
perature on a metal using a hydrocarbon precursor (i.e. the gas that fuels the reaction).
Once a layer of graphene is grown it can be isolated from the metal and transfered onto the
preferred substrate [77]. Several metals have been investigated for the catalytic growth of
graphene such as Ni [23], Ru [78] or Ir [79]. Copper has drawn the most attention because
of its success in terms of quality and single layer coverage [77] and its low cost. Methane has
been shown to be successful as the growth precursor in literature [22–24]. Because of this
success, CVD on copper foil using methane gas is the adopted approach in this work.

Alternative methods for growing large area graphene are the reduction of graphene oxide [80]
and high temperature annealing of single crystalline silicon carbide [77]. However, graphene
produced from reducing graphene oxide results in a defective and inhomogeneous layer [19]
and large area graphene grown from SiC cannot be separated from the SiC substrate. This
makes the SiC method unsuitable for the FTIR measurements done in this work as SiC is
absorbing in the mid-IR. Since the substrate is fixed the SiC method also cannot be used for
transferring graphene on vacuum windows. Finally, silicon carbide is much more expensive
than the copper foil used in CVD [19].
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The key factor for growing graphene with CVD is that the carbon deposition should be
self-limited to one layer of atoms. For CVD on Cu using a hydrocarbon precursor this
limited growth works as follows. First the hydrocarbon, so the methane molecule in this
work, absorbs at the copper surface and decomposes and/or dehydrogenates (i.e. loses its H
atoms). Subsequently the dissociated carbon atoms diffuse along the surface and nucleate
at places such as defects or impurities. The formed nucleus in turn acts as an obstacle for
newly arriving carbon atoms which attach at the edge of the nucleus, making it grow out
to a larger crystal [81]. The first step, dissociation of the hydrocarbon, only takes place
when there are catalytic Cu sites available. Graphene itself does not act as a catalyst for
the decomposition of methane [82]. As a result, further growth is stopped once the graphene
has covered the entire copper surface, making the growth self-limiting to one monolayer.

4.1.2 CVD setup and graphene growth recipe

In figure 4.1.1 a schematic is shown of the low pressure CVD setup used in this work. It
consists of a quartz tube (50 mm diameter) connected to a pump that reaches a base pressure
of approximately 3·10−3 mbar. The quartz tube is heated to 1050 ◦C by a tube furnace which
is placed on cart rails such that it can be moved away to let the tube cool down faster. Three
thermocouples are connected at the top of the furnace to control its temperature. Finally,
in order to grow graphene on the copper foil placed inside this oven, a flow of reacting
gas is needed. Four gases are connected to the system, namely methane (CH4), hydrogen
(H2), argon (Ar) and nitrogen (N2). Argon serves as a carrier gas to deliver the methane
and hydrogen to the copper foil, increase the gas pressure and purge out undesired species.
Hydrogen is added mainly for the reduction of any stray oxygen impurities and methane is
of course needed for growing the graphene. The volumetric flow rate of these three gases is
controlled with mass flow controllers to 6/100/500 sccm H2/CH4/Ar. This is not the case
for the nitrogen which is only used to purge the system (i.e. carry out leftover gas).

Figure 4.1.1: Schematic of the low pressure CVD setup for growing graphene [83]. The tube furnace
can be slid away to let the quartz tube cool down. In the middle of the quartz tube a
glass boat containing copper foil is placed which receives a controlled flow of hydrogen,
methane and argon. At high temperatures the methane dissociates on the copper and
forms a layer of graphene.
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The copper foil on which graphene is grown is typically 3x4 cm2 in size and placed in a glass
boat that is pushed into the quartz tube. Copper foil of Alfa Aesar (25 µm, 99.8%, annealed)
is used, which is first precleaned to avoid graphene nucleation from residual hydrocarbons
such as grease. Precleaning of the foil is done by subsequently submerging it for 5 minutes in
acetone, 5 minutes in methanol and 30 seconds in 1M HNO3 followed by immediate cleaning
in deionized (DI) water.

In literature it has been found that a copper enclosure, i.e. folding of the copper foil to
increase the partial copper pressure, can increase the domain size of the graphene [84]. This
effect is adopted in this work by folding the Cu-foil into a shallow box (∼5 mm in height)
that is placed upside down in the glass boat.

The CVD recipe for growing graphene is summarized as follows. First the precleaned copper
basket is loaded in the quartz tube which is evacuated. Then the temperature is ramped up
in 35 minutes to 1050 ◦C using a flow of 10/500 sccm H2/Ar. At 1050 ◦C methane gas is
added to grow the graphene (6/100/500 sccm CH4/H2/Ar). After 20 minutes the furnace is
slid away to let the quartz tube and the copper foil cool down to room temperature.

4.1.3 Transfer of the graphene to the desired substrate

Once graphene is grown on both sides of the copper foil according to the procedure explained
in section 4.1.2, the graphene grown at the enclosed copper side is transferred onto a different
substrate in order to investigate the graphene. A schematic overview of the transfer process
is given in figure 4.1.2 and consists of five steps:

Figure 4.1.2: Schematic overview of the transfer process of CVD grown graphene: 1) spin-coating
of the PMMA support, 2) Removal of the backside graphene, 3) etching of the copper,
4) scooping of the floating PMMA/graphene onto the target substrate and 5) removal
of the PMMA [85].

1. A mechanical support, here a thin film of the polymer PMMA (A4), is spin-coated on
the topside graphene (60 s, 2000 rpm, 2000 rpm/s). This support protects the topside
graphene and is later used to transfer the graphene onto the final substrate.

2. The backside graphene is removed by partly etching the bottom of the copper in 1
M ammonium persulfate (APS): three times five minutes using a sonicator and gentle
DI water cleaning in between. If this step is skipped scrolls of backside graphene can
contaminate the topside graphene after fully etching away the copper foil.
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3. The copper foil is completely etched away in a 0.25 M iron chloride (FeCl3) solution,
which takes a few hours. Now the PMMA support with the graphene attached un-
derneath is floating in the etchant. To get rid of FeCl3 the PMMA/graphene stack is
scooped out of the etchant using a microscope slide or piece of wafer and put into a
new petri dish with DI water. Here the PMMA/graphene floats for 5 minutes to let
the etchant residue dissolve. This step is repeated three times, followed by 5 minutes
of 1 M HCl cleaning and again three times 5 minute DI water cleaning.

4. Once cleaned, the PMMA/graphene is scooped onto the final substrate. In this work
quartz and highly resistive silicon (>20 kΩcm, d = 510−540 µm, double sided polished)
are used as these are suitable for THz (quartz and silicon) and infrared measurements
(silicon only).

5. Finally the PMMA support is removed. This can be done by dissolving the PMMA
in acetone, but by doing so the graphene is easily broken and washed off when using
a silicon substrate. Therefore an alternative method is used to remove the PMMA,
namely by annealing the sample in the oven at 400 ◦C for one hour with a flow of 10/500
sccm H2/Ar. Before removing the PMMA, the water between the PMMA/graphene
and the substrate should be removed to prevent breaking and scrolling of the graphene.
In this work this is done by letting the stack dry in air for at least one day.

4.2 Preliminary assessment of the transferred graphene

Once graphene is grown and transferred onto the substrate its optical properties can be
examined. But before doing so it is prudent to assess the quality of the graphene. This
preliminary assessment is done using an optical microscope and by Raman spectroscopy.

4.2.1 Optical microscope

The CVD method can yield large area and high quality monolayer graphene (<500 Ω/�).
Still, when manually producing graphene in the lab one cannot blindly assume that all steps
were successful. Among others, the following issues can be encountered:

• Unwanted PMMA residue is left on the graphene

• The graphene has partly scrolled off from the substrate

• Scrolls of backside graphene are present

• Other contamination is present such as CuO

• Structural defects in the graphene lattice are present

Many of these issues, except for structure defects, can be assessed by looking at the graphene
with an optical microscope. Graphene absorbs 2.3% in the visible spectrum and can therefore
actually be seen with the naked eye when the contrast with the substrate is suitable. This
is shown in figure 4.2.1 where optical microscope images are shown for graphene transferred
on a SiO2 on Si substrate.
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(a) 2.5x optical zoom (b) 100x optical zoom

Figure 4.2.1: Optical microscope images of successfully transfered graphene on a SiO2 on Si sub-
strate. The left picture shows the color difference between the graphene and the sub-
strate. This visibility of the graphene is used to determine whether full coverage is
achieved. Moreover, the amount and type of contamination is assessed.

On the left image (2.5x optical zoom) in figure 4.2.1 the color difference between the graphene
(dark purple square) and SiO2 (light purple) can be seen. The black spots on the graphene
are clusters of PMMA residue. On the right image (100x optical zoom) wrinkles in the
graphene are visible which are formed by the difference in thermal expansion between the
graphene and the copper foil. The grain boundaries in the graphene cannot be seen optically.

Figure 4.2.1 is illustrative for successfully transferred graphene. When the transfer is not
successful (i.e. when holes are present) this can be seen in the form of black lines where
graphene has clustered after detachment from the substrate or simply by color difference
between areas with and without graphene. Contamination can generally be distinguished as
well. However, nanoscale defects are not optically visible. In order to investigate the defect
density another diagnostic is used, namely Raman spectroscopy.

4.2.2 Raman spectroscopy

A popular optical diagnostic tool to quantify the defect density in graphene is Raman spec-
troscopy. In Raman spectroscopy a material is irradiated using a single frequency of light
while detecting the scattered photons. A fraction of the photons are inelastically scattered
and pick up an energy shift corresponding to the energy of a vibrational mode of the mate-
rial [86]. Since these vibrations are governed by the microstructure of the material, Raman
spectroscopy provides a ’fingerprint’ with which the irradiated material can be identified and
characterized.

Scattering of a photon occurs elastically when the photon solely induces electron cloud
distortion. This process is called Rayleigh scattering. When nuclear motion is generated
the light is inelastically scattered, called Raman scattering. At room temperature Raman
scattered photons most frequently loose part of their energy by exciting a photon, i.e. a
quantified lattice vibration. The other direction, namely receiving energy from the material,
is also possible when the material is already in an excited state due to thermal energy.
These two subclasses of Raman scattering are named Stokes and anti-Stokes scattering,
respectively [86].
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An advantage of Raman spectroscopy is that it functions with a single frequency light source.
Fourier transformed infrared spectroscopy can yield similar information on the microstruc-
ture of a material by measuring the infrared absorption peaks, but needs a broadband IR
source to exactly match the energies of the vibrational modes. A disadvantage of Raman
spectroscopy is that only one in every 106-108 scattered photons is Raman scattered [86].
Therefore a high laser power has to be used to attain a proper signal-to-noise ratio, which
can lead to sample degradation. However, graphene is generally not degraded by the laser.

The ’Raman fingerprint’ of graphene is plotted in figure 4.3.1 for defective (red) and more
pristine graphene (blue). The most notable peaks are the so-called D, G and 2D peaks at
1/λ ≈ 1350, 1580 and 2690 cm−2. It can be seen that the D-peak is relatively large for the
defective graphene. This is because the corresponding vibration mode (breathing mode) of
a six carbon atom ring can only be activated when this ring is adjacent to an edge or lattice
defect. In contrast, the vibration modes associated with the G peak (C–C stretch) and the
2D peak are always excited, even in a perfect graphene lattice (i.e. pristine graphene) [86,87].
As a result the D/G peak ratio gives information on the defect density nD, for low values of
nD according to

nD ∝
√
I(D)/I(G), (4.2.1)

where I denotes the height of the peak [87]. The Raman spectrum of figure 4.2.2 also displays
a broad signal around 1400 cm−2. This signal originates from amorphous carbon which is
often left on the graphene after removing PMMA by annealing.
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Figure 4.2.2: Typical Raman spectra for defective (red) and rather pristine graphene (blue). Raman
spectra are used to identify monolayer graphene and determine its quality. The height
of the D-peak gives information on the defect density in the graphene lattice.

Apart from the defect density the Raman spectrum of graphene contains information on
the amount of layers [86, 87] and on the Fermi level due to a strong interaction between
electrons and phonons [86]. In this work Raman spectroscopy is solely used to check the
quality and uniformity of the transferred graphene, complementary to optical microscopy.
Especially when the graphene is transferred on pure silicon Raman spectroscopy is useful
for distinguishing graphene from holes, as the optical contrast between graphene and bare
silicon is weak.
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4.3 Measuring the (quasi-)optical response

At this point all methods are in place to produce large area graphene and to inspect its qual-
ity. The next step is to determine whether this graphene is viable as a microwave-reflective
coating. This is investigated using three (quasi-)optical diagnostics: 1) microwave measure-
ments at 140 GHz, 2) THz Time Domain Spectroscopy (THz-TDS) and 3) Fourier trans-
formed infrared spectroscopy (FTIR). With these diagnostics the transmittance of graphene
is determined in the regimes indicated in figure 4.3.1. The corresponding power reflection
and absorption is calculated by fitting the data with the optical model described in section
3.3. Moreover, through this analysis insight is gained into the effect of doping and layer
stacking on the electrical properties of the coating (e.g. carrier density and mobility).
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Figure 4.3.1: Regimes where the transmittance of electromagnetic radiation on graphene is mea-
sured, by using a microwave setup at 140 GHz (section 4.3.1), time-resolved THz
spectroscopy (section 4.3.2) and Fourier transformed infrared spectroscopy (section
4.3.3). Indicated in gray are the required regimes for the transmittance.

4.3.1 Microwave measurements

The first requirement of the pursued coating is that it blocks mm-wave power present in
ITER. In this work this is directly assessed for graphene using a custom designed setup that
emits and detects a microwave beam at 140 GHz, which is close to the 170 GHz used in
Electron Cyclotron Heating.

The microwave setup is clarified by the schematic and pictures given in figure 4.3.2. It consists
of one emitting and two receiving horn antennas. One of the receiving antennas measures
transmitted power and a perpendicular side branch is added to measure power reflection
at 45◦. All antennas are connected to a Vector Network Analyzer (VNA) to determine the
difference in received power for a substrate with graphene and for a bare substrate only.
A VNA can also measure the microwave phase shift caused by insertion of a dielectric to
determine its refractive index. However, this cannot accurately be done for graphene as its
optical thickness Nd is negligible.
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Three elliptical mirrors (150 mm focal length) are used to direct the beam and three Teflon
lenses (Thorlabs LAT151, 151.5 mm focal length) focus the beam onto the sample. Since the
wavelength of approximately 2 mm is comparable to the system size, linear optics cannot be
used to accurately align the components. Particular care should be taken when focussing the
beam onto the sample, since in contrast to linear optics, the beam still has a finite width at
its focal point. If this width is too large, part of the power goes around the sample, resulting
in a higher measured transmission.

(a) Schematic of the setup (b) All used components (c) Close-up sample holder

Figure 4.3.2: Schematic and pictures of the 140 GHz microwave transmission and reflection setup
with one emitting and two receiving horn antennas. Elliptical mirrors and Teflon
lenses are used to focus the Gaussian beam onto the sample where it has a beam
radius of approximately 5 mm. Plates of Eccosorb are placed to capture scattered
microwave power which otherwise can reach the receiving antennas.

The quasi-optical beam propagation is described by Gaussian optics, where the power density
p of the beam follows a Gauss curve [88]

p(r) = Ptot
2

πw2
exp

[
− 2
( r
w

)2]
, (4.3.1)

where r is the radial distance to the center of the Gaussian beam, w is the 1/e beam radius
and Ptot is the total radiated power. A circular sample of radius R encloses a power

Pencl =

∫ R

0
p(r) · 2πrdr (4.3.2)

when exposed to a well aligned beam. The sample radius should be at least twice the size
of the beam radius to capture practically all (> 99.97%) microwave power. To determine
the minimum required size of the graphene, the beam radius at the sample is computed
according to Gaussian beam expansion described by [88]

w(z) = w0

√
1 +

( zλ

πw2
0

)2
. (4.3.3)

Here z is the distance towards the flat wavefront at z = 0 where the beam radius reaches its
minimum value w0, called the waist. The horn antennas in the setup of figure 4.3.2 have a
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waist of w0 = 5 mm. With the used concave mirrors and Teflon lenses the beam is focused
as shown in subfigure 4.3.2a where the beam has a flat wavefront and reaches again a radius
of 5 mm at the sample. So, for the microwave measurements the graphene should be at least
20x20 mm2 in size to capture all microwave power. For measuring reflection or transmission
at 45◦ the width of the graphene should be a factor

√
2 larger.

4.3.2 THz Time Domain Spectroscopy

Aside from reflecting mm-wave power the coating should be transmissive for diagnostic
wavelenghts. Since a measurement around a single frequency of 140 GHz does not contain
information on the transmittance in the infrared, two broadband diagnostics are included
to better probe and physically interpret the transmittance curve. One of these is THz Time
Domain Spectroscopy, which can accurately measure transmission between roughly 200 and
2000 GHz.

The working principle of THz-TDS is explained in figure 4.3.3. Here a single femtosecond
laser pulse (red) is simultaneously used for two purposes:

1. Generating a broadband THz pulse.

2. Detecting the electric field of the transmitted THz pulse after a specific delay regulated
by the position of the delay stage.

Figure 4.3.3: Schematic representation of a THz-TDS setup using photoconductive (PC) antennas
for the generation and detection of a THz pulse. A time-resolved measurement is
obtained by varying the position of the delay stage. Based on fig.2.1 in reference [89].

Generation of the THz pulse is done by sending the femtosecond laser pulse onto a photo-
conductive antenna or a non-linear optical medium such as ZnTe [90]. In a photoconductive
antenna the laser excites free charge carriers (electron-hole pairs) in an electrically biased
semiconductor. Due to the electric bias the generated charge carriers are accelerated, thereby
emitting an electromagnetic transient in the THz regime [90]. The electric field of the trans-
mitted THz pulse is measured according to a similar process. A photoconductive antenna
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can again be used in which a measured current is driven by the electric field of the THz
transient at the moment when charge carriers are generated by the laser. Alternatively a
nonlinear optical method such as the electro-optic effect can be applied, where the polariza-
tion of the femtosecond laser pulse is rotated in the nonlinear medium when exposed to the
THz electric field [90].

The generation of the THz pulse and measurement of its electric field is repeated at a rate
of 100 MHz. By varying the position of the delay stage in between, a time-resolved signal
is obtained with femtosecond resolution. Typical THz transients are plotted in figure 4.3.4
for a pulse transmitted through a bare silicon substrate and through graphene on silicon.
Using Fourier transformation the corresponding transmittance spectra Ts and Tsf can be
calculated, after which the substrate-normalized transmittance Tsf/Ts is calculated.
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Figure 4.3.4: Typical THz transients for a pulse transmitted through bare silicon (dotted black)
and silicon with graphene (blue). This signal is Fourier transformed to calculate the
transmittance spectrum in the THz regime.

In this work a 780 nm femtosecond laser (C-Fiber 780) of MenloSystems is used, which emits
pulses at 100 MHz with a width of <100 fs and energy of >1.0 nJ. Photoconductive antennas
are used in combination with this laser to generate and detect the THz pulse. Contrary to
schematic 4.3.3 lenses are used rather than concave mirrors to focus the THz pulse onto the
sample.

4.3.3 Fourier transformed infrared spectroscopy

Using THz-TDS the trasmittance curve of graphene is measured in the range of 0.2-2 THz.
This broad measurement range can thus be applied to determine whether graphene indeed
has a low transmittance up to ∼1 THz to block microwave radiation present at ITER. Ex-
trapolation of the transmittance curve between 0.2-2 THz can be done to determine the
transparency of graphene above ∼3 THz for FIR diagnostics as interferometry. Since this
extrapolation may not be accurate a third optical diagnostic is used to measure the trans-
mittance in the infrared: Fourier transformed infrared spectroscopy (FTIR). This technique
can measure transmittance roughly between 10-100 THz or 30-3 µm (using a TENSOR27
FTIR spectrometer of Bruker) and thereby provides a more complete picture of the optical
response of graphene than THz-TDS alone.
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The key components of a typical FTIR setup, schematically given in figure 4.3.5, are a
polychromatic infrared source, a Michelson interferometer and an infrared detector. The
Michelson interferometer generates an interferogram of the light source by splitting the beam
into two branches that interfere constructively or destructively depending on the position of
a movable mirror.

Figure 4.3.5: Schematic representation of a Fourier transformed infrared spectrometer. A poly-
chromatic IR light beam inferferes constructively or destructively depending on the
position of the movable mirror. The measured interferogram is Fourier transformed
to calculate the transmittance of the sample for a broad IR range. Based on fig.1 of
reference [91].

For a monochromatic light source with frequency f the detected intensity I would vary
harmonically with the position x of the movable mirror:

I(x) = B cos(2πxf), (4.3.4)

where B is the intensity of the monochromatic source [91]. However, the source is actually
polychromatic. In other words, a range of frequencies is emitted according to a frequency
dependent intensity B(f), called the spectrum of the source. This polychromatic light can
be seen as a superposition of independent monochromatic components. The corresponding
detected intensity is given by [91]

I(x) =

∫ ∞
−∞

B(f) exp(i2πfx)df. (4.3.5)

By Fourier transformation of the interferogram I(x) the spectrum of the source is retrieved
[91]:

B(f) =

∫ ∞
−∞

I(x) exp(−i2πfx)dx. (4.3.6)

In this way the intensity spectrum of the light entering the interferometer is measured. When
placing a sample in between the IR source and the interferometer the entering spectrum
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Bsample(f) is lower in intensity than the spectrum Bair(f) of the source, since part of the
power is reflected or absorbed by the sample. By measuring both spectra, the transmittance
curve of the sample can be calculated:

T (f) =
Bsample(f)

Bair(f)
. (4.3.7)

As for the microwave and THz measurements, the transmittance is measured for a silicon
substrate with graphene and for a silicon sample only to calculate the substrate-normalized
transmittance Tsf/Ts, which is mostly determined by the graphene transmittance.

4.3.4 Hall Effect Measurement System

As explained in chapter 3, the transmission and reflection of electromagnetic radiation on
graphene is determined by its optical conductivity. For low frequencies (i.e. microwave
radiation) the optical conductivity approaches the DC conductivity

σDC = neµ (4.3.8)

in which the carrier density n and mobility µ are optically measured by fitting the THz-TDS
and FTIR transmittance curves with an optical model (see section 3.3). That is, the carrier
density is set by the fitted Fermi energy according to [69]

n =
( EF

~vF

)2
/π (4.3.9)

and the mobility follows from

µ =
σDC

ne
≈

ev2F
EFΓ

. (4.3.10)

By comparing the values of the mobility and carrier density fitted from the optical measure-
ments with an electrical measurement of these, the transmission measurements and optical
model can be validated. For this purpose a Hall effect measurement is performed, which
is not only able to measure the conductivity of a thin film but also the carrier density and
mobility corresponding to this conductivity.

Figure 4.3.6: Schematic of the van der Pauw method applied for measuring the DC conductivity,
mobility and carrier density of graphene. Four probes are placed at the corners of
a ∼1x1 cm2 graphene sheet using silver paste contacts. The conductivity is obtained
by measuring the current-voltage characteristics of the sheet. Repeating this with a
perpendicular magnetic field yields the carrier density according to the Hall effect.
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In this work an Ecopia HMS-5300 Hall Effect Measurement System is used. This setup
applies the van der Pauw method [92] shown in figure 4.3.6, where the voltage is measured
at the four corners of a conductive sheet such as graphene, while running a current between
two of these corners. From the measured current-voltage characteristics the conductivity of
the film is calculated. By repeating this with a perpendicular out-of-plane magnetic field
the carrier density can be determined as well, according to the following principle. As the
Lorentz force affects the current, a voltage is built up between the two corners perpendicular
to the applied current. By measuring this Hall voltage [93]

VH =
IB

ned
(4.3.11)

the carrier density can be calculated since the values of the current I, magnetic field B and
film thickness d are known. The mobility is now also known, because it follows directly from
the measured conductivity and carrier density through equation 4.3.8.

Apart from validating the optical measurements the Hall measurement is also able to deter-
mine whether the graphene is p- or n-doped (i.e. whether it is conductive by free holes or
electrons) by the sign of the Hall voltage. The microwave, THz-TDS and FTIR measure-
ments are not able to distinguish between positive or negative doping.
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Chapter 5

Results and interpretation

In this project large area graphene is produced and investigated to see whether it is viable as
a microwave-reflective coating that transmits wavelengths used in fusion plasma diagnostics.
The CVD production method and used diagnostics have been described in chapter 4. In this
chapter the experimental results are presented and theoretically analyzed. First, the prop-
erties of untreated monolayer graphene are assessed in section 5.1. Once the (quasi-)optical
behavior of CVD-grown monolayer graphene is mapped and understood, three methods are
explored in section 5.2 to potentially increase the conductivity and microwave reflectance of
the film.

5.1 Monolayer graphene

The pursued coating should be highly conductive to reflect microwave radiation while having
a low electron density to transmit infrared light. In literature it has been show that graphene
possesses such properties, but the actual transmittance and reflectance over the spectral
range of interest is little investigated. Therefore the optical response of monolayer graphene
is measured in this section. The results are analyzed using the optical model for graphene
established in section 3. Aside from determining the optical applicability of monolayer
graphene, it is assessed whether graphene is compatible with the physical conditions at a
fusion diagnostic window. For this purpose two aspects are assessed: the influence of a
magnetic field on microwave transmission (subsection 5.1.3) and structural degradation of
graphene by heating (subsection 5.1.4).

5.1.1 Typical (quasi-)optical response

In order to probe the optical behavior of monolayer graphene in the range of interest three
diagnostics are used: a microwave setup at 140 GHz, THz Time Domain Spectroscopy
(THz-TDS) and Fourier Transformed Infrared Spectroscopy (FTIR). All three measure the
transmitted power of electromagnetic radiation through graphene at a particular frequency.
Broadband data is obtained with THz-TDS and FTIR. This transmittance data can be
fitted using the optical model of graphene explained in sections 3.2 and 3.3 to calculate the
corresponding reflectance and to gain insight in the physical properties of the graphene (e.g.
carrier density and mobility).
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A typical substrate-normalized transmittance spectrum of monolayer graphene on silicon
measured with THz-TDS and FTIR is given in figure 5.1.1. Here the dots indicate the
measurement data which are fitted using the optical model (solid line). It is seen that the
THz-TDS and FTIR data can be fitted consistently using the optical model of section 3.3
and conductivity parametrization given in section 3.2. In other words, the optical response
of graphene can be described using a single parametrization (Drude equation plus interband
term) for the entire range of interest in terms of a constant Fermi energy and scattering rate.
The data shows that the microwave transmittance is reduced over 30% by the intraband
conductivity of a single layer of graphene, while a high transmittance is maintained for
wavelengths up to ∼100 µm. Interband absorption is observed in the near infrared (see
inset). Around the interband excitation energy the data slighly deviates from the fit as the
interband term given by 3.2.4 is an approximation for finite temperatures. Moreover, in the
FTIR regime small peaks can be seen which deviate from the theoretical curve. These peaks
correspond to the IR absorption peaks of PMMA left on the graphene [94].

Figure 5.1.1: Typical substrate-normalized transmittance measured with THz-TDS and FTIR for a
closed single layer of graphene on a silicon substrate (undoped, > 20000 Ωcm, double
sided polished, 510-540 µm thickness). The data is well fitted with the theoretical
graphene response.

From a fit as shown in figure 5.1.1 the conductivity of graphene is obtained including the
corresponding carrier density and mobility. For monolayer graphene on silicon produced
in this project transmittance data fitting typically gives a sheet resistance of 500 Ω/�,
mobility of 1900 cm2/Vs and carrier density of 7·1012 cm−2. Equivalently, the conductivity is
expressed by a Fermi energy of 300 meV and scattering rate of 17 THz (or τ = 1/Γ = 0.06 ps).
It should be noted that a slight offset σoffset is added to the conductivity parametrization
to account for contamination such as PMMA residue and better fit the FTIR data. Still this
offset is typically 2-3 orders of magnitude lower than the DC graphene conductivity.

A third diagnostic is used to assess whether the THz-TDS and FTIR data can be extrapolated
to the microwave regime. In this setup a 140 GHz Gaussian microwave beam is emitted and
focused on a 2.5x2.5 cm2 graphene sample while the transmitted power is measured as
shown in figure 4.3.2. This is done for graphene on 1 mm thick quartz and for a sample
with a silicon substrate. The substrate-normalized microwave transmittance measured on
the quartz substrate is given in figure 5.1.2 and for the silicon substrate in figure 5.1.3,
along with the THz-TDS and FTIR data measured for these samples. No FTIR data can be
obtained for the sample with a quartz substrate, as quartz is highly absorbing in this regime.
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Figure 5.1.2: Substrate normalized transmission measured for 2.5x2.5 cm2 graphene on a quartz
substrate (sample GG375a) using the 140 GHz microwave setup and THz-TDS. No
FTIR spectrum is measured as quartz is absorbing in this IR regime. It is seen that
the microwave measurement is inconsistent with the THz-TDS curve.
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Figure 5.1.3: Substrate normalized transmission measured for 2.5x2.5 cm2 graphene on a silicon
substrate (sample GG393e) using the 140 GHz microwave setup, THz-TDS and FTIR.
The THz-TDS and FTIR data is fitted consistently, but the 140 GHz microwave mea-
surement strongly deviates from the fit. This deviation is also seen for the sample
with a quartz substrate, but less pronounced.

Figures 5.1.2 and 5.1.3 show that the microwave measurements are inconsistent with the
THz-TDS and FTIR spectra, particularly for the sample with a silicon substrate. Because
of the high consistency of the THz-TDS and FTIR spectra with the fit it is believed that
an error is made in the microwave measurements. It could be the case that the microwave
beam is not fully enclosed by the sample, despite the fact that the graphene is approximately
twice as wide as the beam diameter on the sample. This should be sufficient according to
equations 4.3.1 and 4.3.2. The still observed deviation could be caused by an influence of the
substrate on the propagation of the microwave beam. This is suggested by the observation
that the deviation is larger for a silicon substrate than for a quartz substrate, where the
silicon substrate has a measured microwave transmittance of T ≈ 0.6 whereas the quartz is
practically transparent in this regime.
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With the THz-TDS setup a similar effect can be seen as the suspected propagation of mi-
crowave power around the graphene. If the entire THz pulse is enclosed by the circular
aperture of the sample holder, the detected THz transient should be the same for a mea-
surement with an empty holder in place as for a measurement without any holder in the
line of sight. Figure 5.1.4 shows that the measured transmittance of the used holder with
an aperture of approximately 1 cm is indeed equal to 1 for frequencies higher than 1 THz,
but goes down for frequencies below 0.4 THz. This indicates that the longer wavelength
components of the broadband pulse are not fully enclosed by the aperture. Likewise not all
power of the 140 GHz microwave beam may have propagated through the graphene.
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Figure 5.1.4: Measured THz-TDS transmittance of an empty sample holder with a circular aperture
of approximately 1 cm. The measured transmittance goes down for lower frequencies,
indicating that the longer wavelength components are not enclosed by the aperture.
A similar effect could have caused the discrepancy between the 140 GHz microwave
measurements and the THz-TDS and FTIR results.

In figure 5.1.2 it is seen that the THz-TDS transmittance at 300 GHz is reduced by almost
40% for graphene on quartz whereas a monolayer graphene on silicon reduces transmittance
by approximately 33%. This difference is not caused by a higher conduction of the graphene
transferred on quartz, but by the effect of the refractive index of the substrate on the value
of the substrate-normalized transmittance (see equation 3.3.12). This influence is accounted
for when fitting the transmittance curves. Using the fitted coefficients and the same optical
model the transmittance and reflectance of the graphene only can be calculated, thereby
taking away the contribution of the substrate.

This analysis is done in figure 5.1.5 where the power transmission, reflection and absorption
is calculated for typical monolayer graphene produced in this work (corresponding to the
measurement given in figure 5.1.1). The curves are displayed along with the required regimes.
It is seen that approximately 50% microwave radiation can be blocked with a single layer
of graphene (on a substrate with Ns = 1), but this is mostly by absorption rather than
reflection. A higher conduction is needed to increase microwave reflectance to above 90%
and bring down power absorption. The transparency in the infrared is sufficiently high up
to ∼50 µm. So, the cutoff frequency is around the right position but should not be shifted
to higher frequencies in order to transmit FIR diagnostic wavelengths. Therefore the film
conductance should be increased preferably by achieving a higher mobility rather than a
higher carrier density.
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Figure 5.1.5: Calculated power transmission (black), reflection (blue) and absorption (red) as a
function of frequency for typical CVD grown monolayer graphene on a substrate with
Ns = 1 (i.e. in air), corresponding to the transmittance measurements shown in
figure 5.1.1. The required regimes for a general applicable microwave-reflective filter
are indicated by the boxes.

The 9% microwave reflectance of CVD graphene in air (Ns = 1) calculated from the THz-
TDS+FTIR transmittance data can be validated using the 140 GHz microwave setup. This
setup has a perpendicular side branch to measure power reflected at 45◦. The received power
is normalized with the power reflected on a bare substrate. So, if the reflected power with
graphene would be twice as high as without graphene (e.g. Rsf = 12% instead of Rs = 6%)
a substrate-normalized transmittance of Rsf/Rs = 2 is measured. Since the bare substrate
is of the same size as the sample with graphene the same fraction of the microwave beam
should be captured, thereby taking away the affect of missing reflected microwave power due
to propagation around the sample. As the beam is reflected at a non-normal angle the full
Fresnel equations with angle dependence for s and p polarization are used to calculate the
expected reflected power, rather than equations 3.3.1 and 3.3.1.

The substrate-normalized reflection at 45◦ calculated for the sample on quartz and on silicon
(using data of figures 5.1.2 and 5.1.3) is given in table 5.1.1 for s and p polarization, along with
the values measured with the microwave setup. The reflectance with graphene is increased
for the quartz substrate because quartz itself has a low reflectance. Bare silicon is more
reflective and actually reflects less microwave radiation with a layer of graphene as part of
the microwave power is absorbed by the graphene. In this respect the measurements are in
agreement with theory, but the exact values are rather inaccurate due to fluctuating power
and are inconsistent with the calculated values. For p polarization the calculation would
agree with the measurement for graphene on quartz, but the beam is actually s polarized.
So, the measured increase in reflectance for graphene on quartz is higher than expected.
Also, the decrease in reflection measured for graphene on silicon is higher than calculated.
Both can be caused by partial microwave reflection or absorption by contamination such as
PMMA residue.
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Table 5.1.1: Measured and calculated substrate-normalized reflectance at 45◦ for sample GG375a
on quartz and for sample GG393e on silicon (using transmittance data of figures 5.1.2
and 5.1.3). In the used setup the beam is s polarized, so a larger change in reflectance
is measured than expected from theory. This may be due to partial power reflection or
absorption due to contamination as PMMA residue.

Sample Rsf/Rs (-) Rsf/Rs (-) Rsf/Rs (-)
Measured Calc. for s polarization Calc. for p polarization

GG375a (on quartz) 1.6± 0.2 1.11 1.65

GG393e (on silicon) 0.9± 0.1 0.96 1.02

From the results presented in this section it can be concluded that the optical behavior is well
described by the used parametrization of the optical conductivity. Microwave transmittance
can be reduced up to 50% with typical monolayer graphene produced using CVD, while
being transmissive for wavelengths up to ∼100 µm. With these characteristics the filter
requirements are not yet fulfilled. The microwave reflectance should be increased to better
protect components behind the vacuum window, but also to bring the power absorption of
about 40% down to a few percent. For this purpose the DC film conductance should be
increased by at least an order of magnitude. Graphene processing methods that can be
successful in lowering the sheet resistance and boosting microwave reflectance are explored
in section 5.2. First, subsections 5.1.2 to 5.1.4 investigate potential performance issues of a
graphene-based microwave filter resulting from the production method or the conditions at
a fusion diagnostic window.

5.1.2 Reproducibility: graphene quality and doping

In section 5.1.1 the optical response of CVD grown graphene has been measured and ana-
lyzed. This response is illustrative for the graphene produced in this work, but variations
are possible due to e.g. uncontrolled doping of the graphene or resistive electron scattering
on impurities. These potentially undesired variations are investigated in this section.

When manually producing graphene the production conditions are not always identical, even
when consistently using the same recipe. This can lead to flaws such as holes in the graphene
as shown in the optical microscope images of figure 5.1.6. Moreover, contamination can be
present such as the suspected CuO residue shown in image 5.1.7 (where the CuO is mostly
nucleated on the graphene grain boundaries). Fitted THz-TDS data of the shown sample
with holes indicates that the 170 GHz graphene transmission for this sample is approximately
30% higher than for a closed layer of graphene. Correspondingly, the fitted overall sheet
resistance is increased by circa 60%. The contamination seen in picture 5.1.7 seems to be
of less influence on the optical behavior of the graphene as the measured FTIR spectrum is
similar to those measured for uncontaminated graphene.

The presumed CuO contamination can be caused by oxidation of the copper foil, for example
by taking the foil out of the CVD oven while it is still hot. Contrary to Cu, CuO is not etched
away by the iron chloride and is therefore transferred along with the graphene. When using
a longer waiting time to let the sample cool down to room temperature inside the quartz
tube the contamination is typically not seen. A more consistent issue was the formation of
holes or delamination of the graphene, particularly when transferring to a silicon substrate.
It was observed that hole formation is more likely when using a silicon substrate as this
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is hydrophobic. When scooping the PMMA/graphene out of the DI water onto the silicon
substrate, the water is being pushed away by the hydrophobic substrate. As a result wrinkles
are formed in the PMMA/graphene with trapped water underneath, which can result in holes
when removing the PMMA support. This problem was not experienced when transferring
on a 90 nm SiO2 on Si substrate which is more hydrophilic, but this substrate is less suitable
for the FTIR measurements than the lowly doped silicon substrate (> 20000 Ωcm, double
sided polished, 510-540 µm thickness). For this reason the silicon substrates were treated
with a 3 minute oxygen plasma to form Si-O bonds at the top layers of silicon atoms. This
O2 treatment makes the substrate hydrophylic while maintaining its suitability for the THz-
TDS and FTIR measurements. Using the oxygen treated silicon substrates indeed resulted
in closed layers of graphene.

(a) 2.5x optical zoom (b) 100x optical zoom

Figure 5.1.6: Optical microscope images showing graphene (lighter areas) with holes (dark areas)
on a quartz substrate. On the left image (2.5x optical zoom) the vertical edge of the
graphene is seen. This picture shows that about one forth of the graphene has scrolled
off, which roughly corresponds to the increase of THz transmittance on this sample.
The right image displays a delaminated area or hole (bottom right corner) with 100x
optical zoom.

Figure 5.1.7: Optical microscope image with 10x optical zoom of contaminated graphene on a silicon
substrate. The contamination is believed to be copper oxide originating from the copper
foil. Due to this contamination the ∼30 µm graphene crystals are visible as the
contamination nucleates on the grain boundaries of the graphene.
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By using O2 plasma treated silicon substrates closed layers of graphene could be produced
more easily, but it was also seen that this substrate treatment affects the electrical properties
of the transferred graphene. Likewise, the carrier density and mobility fitted from THz-
TDS/FTIR transmittance data for graphene on a quartz substrate is different than for
graphene on (untreated) silicon. This substrate dependency is summarized in table 5.1.3
where the fitted microwave transmittance, sheet resistance, mobility and carrier density are
given for closed monolayer graphene transferred on different substrates.

Table 5.1.2: Electrical properties and microwave transmittance Tf of closed monolayer graphene
transferred on different substrates, as fitted from THz-TDS/FTIR data. A substrate
dependency is seen in the carrier density n and mobility µ in such a way that the sheet
resistance Rs remains approximately constant.

Sample Substrate Tf at 170 GHz (-) Rs (Ω/�) µ (cm2/Vs) n (·1012 cm−2)

GG375a Quartz 0.50 458 3664 3.72

GG393e Si 0.54 482 1960 6.61

GG396b Si 0.50 456 1873 7.31

GG396c Si 0.52 518 1896 6.36

GG401e SiO2 on Si 0.56 569 1981 5.54

GG401g O2 treated Si 0.53 503 1071 11.59

GG401h O2 treated Si 0.51 478 1126 11.60

GG401i O2 treated Si 0.52 481 1145 11.34

The substrate dependent carrier density given in table 5.1.3 is attributed to doping of the
graphene by the substrate. For the samples produced in this work the lowest carrier density
(fitted from THz-TDS data) is seen for graphene on quartz and the highest for the silicon
substrates treated with an oxygen plasma. Substrate dependent doping is also observed in
literature through electrical measurements and Raman spectroscopy [95–97]. The influence
of the substrate is not fully understood, but is believed to be caused by substrate-bonded
species as water or oxygen, surface morphology and the amount of electrical coupling between
the graphene and the substrate.

Another aspect seen in table 5.1.3 is that the mobility is lower for samples with a higher
carrier density in such a way that product of the two, i.e. the sheet conductance, remains
more or less the same. It seems to be the case that the electrical interaction between the
substrate species and the graphene is not only changing its Fermi energy and corresponding
carrier density, but is also limiting the free electron motion (i.e. increasing the scattering
rate and lowering the mobility).

The carrier density and mobility is not only of interest for electronic applications of graphene,
but also for its (quasi-)optical behavior. A higher carrier density shifts the cutoff towards
higher frequencies, thereby blocking a larger part of the infrared spectrum. This is clearly
seen in figure 5.1.8 where the graphene transmittance corresponding to the fitted THz-
TDS/FTIR data is plotted for seven samples: one on quartz (yellow), three on silicon (blue)
and three on O2 treated silicon (red). These samples are all given in table 5.1.2. The
graphene transferred on quartz has the lowest cutoff frequency of ∼2.8 THz, almost twice as
low as the cutoff frequency of ∼5 THz for graphene transferred on O2 treated silicon. For FIR
diagnostics as interferometry wavelengths up to approximately 100 µm must be transmitted
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by the pursued filter. Therefore the lowly doped graphene on quartz is performing the best of
these samples. This is a good result for application on a vacuum window, as these windows
are made from quartz or fused silica.
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Figure 5.1.8: Calculated graphene transmittance corresponding to fitted THz-TDS/FTIR data for
graphene transferred on quartz (yellow), silicon (blue) and O2 plasma treated silicon
(blue). The carrier density is found to be substrate dependent, which is reflected in
a shifted cutoff frequency. The frequency in the NIR at which interband absoption
starts to take place is shifted as well.

A changed carrier density also affects interband absorption in the NIR/visible/UV, basically
since a larger energy gap must be overcome to excite an electron into a non-occupied state
in the conduction band if more electron states in this band are already occupied (see figure
3.2.1). The final value of the interband absorption is not affected, but the photon energy
at which interband absorption starts to take place is shifted towards a lower wavelength or
higher frequency if the carrier density is increased. This shift is also seen at the top right of
figure 5.1.8.

Doping of the graphene is partly due to the interaction with the substrate, but there are
other species that can dope the graphene as well. For example, water molecules present in
the atmosphere can absorb on the graphene and effectively add or remove charge carriers.
This effect is investigated using a Hall Effect Measurement System, which can measure the
carrier density and mobility electronically rather than optically. In figure 5.1.9 this is done
before, during and after annealing the sample (GG396b) at 200 ◦C in a closed chamber with
nitrogen gas to demonstrate the influence of attached H2O molecules.

When heated up to 200 ◦C (measurement 1→2) both the mobility and carrier density are
reduced. The carrier density is believed to be reduced by water evaporation from the sur-
face and correspondingly a reduced doping. At 200 ◦C the graphene lattice itself is more
resistive than at room temperature due to more energetic lattice vibrations and increased
electron scattering on these vibrations (i.e. stronger electron-phonon interaction). During
cooldown (2→3) the mobility is restored and even increased as more water molecules and/or
contamination is evaporated from the surface in the meantime. This also further lowers the
carrier density. After measurement 3 the sample is exposed to air again and an increase in
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the carrier density is seen, associated with water molecules that again absorb on the surface.
Overall the annealing reduces the carrier density more strongly than that it increases the
mobility, as seen from the increased sheet resistance.
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Figure 5.1.9: Sheet resistance, mobility and carrier density measured with a Hall Effect Measure-
ment System while annealing the sample in a closed chamber. The quantities are
normalized by their values before annealing. The carrier density and mobility are
affected by the evaporation of doping water molecules.

From the measurements shown in figure 5.1.9 it can be concluded that the carrier density
and mobility of graphene is dependent on atmospheric conditions such as temperature and
humidity. Through the mobility and carrier density these environmental conditions can also
affect the microwave transmittance and cutoff frequency of the graphene. This should be
taken into account when applying graphene as a microwave filter on a fusion diagnostic
window. For example, plasma radicals potentially present at the window could dope the
graphene and/or increase resistive scattering.

Aside from this demonstration of how water or other contamination can dope the graphene,
the Hall effect setup is used to validate the mobility and carrier density determined from
the optical measurements (THz-TDS and FTIR). This comparison is made in table 5.1.3
for two samples (GG396b – Si substrate and GG401e – SiO2 on Si substrate). It is seen
that the Hall-measured sheet resistance is comparable to the sheet resistance determined
from the optical measurements. However, the optically determined mobility is higher than
that of the electrical measurement. This difference could result from the different length
scales involved in a 1x1 cm2 Hall measurement and in an optical measurement. Even though
the THz-TDS and FTIR spot sizes are on the same order of magnitude as the sample size,
there may be less electron motion across resistive grain boundaries during one period of the
electromagnetic wave than in a Hall measurement. To illustrate, a free electron in graphene
covers a maximum of vF /f ≈ 1 µm during one period of a 1 THz wave, so even less in an
IR wave, whereas the graphene crystals are >10 µm in size. Another observation is that the
Hall measurements repeated 1.5 month later did not give the same values. Instead a lowered
mobility and increased carrier density is seen. This can be caused by a higher humidity and
H2O doping or by an increased amount of contamination on the sample.

The deviation between the optically and electrically determined values of the mobility and
carrier density could also to some extend be caused by measurement errors or by assumptions
made in the model that fits the transmittance data. The accuracy of the optical model is
discussed further in appendix B, where the used model is compared with thin film approxi-
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mations from literature. Here it is seen that the sheet resistance fitted with the model better
corresponds to the Hall-measured value than when fitting with a thin film approximation.
It should be noted that fitting the transmittance data actually gives the Fermi energy and
scattering rate as output rather than n and µ. Equations 4.3.9 and 4.3.10 are then used
to calculate the carrier density and mobility. Here equation 4.3.9 is dependent on the band
structure of the produced graphene of which the effective Fermi velocity may be different
than the value of vF = 1.0 · 106 m/s used to calculate n and µ. However, the variations
in vF experimentally found in literature [63, 65, 66] are not as high to fully have caused the
deviation between the THz-TDS/FTIR fitted and Hall-measured carrier density.

Table 5.1.3: Sheet resistance, mobility and carrier density measured with the Hall effect setup and
with THz-TDS (+FTIR for the sample on silicon). The sheet resistance measured with
the Hall setup is reasonably in line with the optical transmittance measurements, but
a discrepancy is seen in the mobility and carrier density. When repeating the Hall
measurement a higher carrier density and lower mobility is seen, probably due to an
increased amount of contamination on the sample.

Sample Measurement Rs (Ω/�) µ (cm2/Vs) n (·1012 cm−2)

GG396b THz-TDS + FTIR 456 1873 7.31

GG396b Hall (October 11th) 444 1511 9.30

GG396b Hall (November 30th) 557 1131 9.90

GG401e THz-TDS 569 1981 5.54

GG401e Hall (October 11th) 543 960 11.99

GG401e Hall (November 30th) 481 801 16.21

Finally, the Hall measurement is used to determine the sign of the carrier density, so whether
it is p or n doped. This information is not obtained from the optical measurements, where
the transmittance and reflectance depends on the absolute value of the carrier density. The
Hall setup gives a positive carrier density for the measured samples, meaning they are p
doped: the Fermi energy is lower than zero such that the valence band is partly empty
and free holes can move and carry current. In literature p-doping of graphene is also most
frequently observed [97].

5.1.3 Influence magnetic field

If graphene is implemented at a fusion diagnostic window to serve as a microwave filter,
the established optical properties should be maintained under the environmental conditions
at the vacuum window. The influence of one of these conditions, namely a high magnetic
field, has already been investigated theoretically in section 3.4. Here it was found that
a perpendicular field lower than ∼1 T is not foreseen to significantly increase microwave
transmittance of the graphene produced in this project.

This hypothesis is validated by placing a neodymium ring magnet (Supermagnete R-40-
23-06-N) with a D = 23 mm aperture in front of a graphene sample while measuring its
THz-TDS transmittance spectrum. The perpendicular magnetic field has a value of approx-
imately 80 mT at the sample, as measured with a digital Gauss meter. This value was the
highest practically achievable and is already relevant for the ITER vacuum windows, as many
windows are located outside of the port plug where the magnetic field drops strongly (i.e.
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well below 1 T [60]). Within the measurement noise no change in THz transmittance is seen
for three samples compared to the transmittance without the magnet in place. Similarly,
no change in microwave transmittance was measured using the 140 GHz microwave setup
when placing a B ∼ 20 mT ferrite ring magnet in front of the sample on quartz. These
measurements confirm that microwave transmittance on typical graphene is unaffected for
low (< 100 mT) values of the perpendicular magnetic field. Since the toroidal magnetic
field at ITER is directed parallel to the window, no influence of this field on the microwave
reflectance and transmittance of a graphene coating is predicted.

5.1.4 Thermal stability

Aside from the magnetic field, a graphene microwave-reflective coating of course has to be
compatible with the microwave radiation itself. In figure 5.1.5 it was already been seen that
the graphene absorbs part of the microwave power. This absorbed power will heat up and
potentially damage the graphene. The exact temperature to which the graphene is heated
is difficult to analytically predict, as this depends on the amount of cooling at the edge
and thermal contact with the substrate. In this section it is investigated what is maximum
temperature that the graphene can reach without being damaged.

This is done by measuring the Raman spectrum of graphene while heating up the sample in
air. As explained in section 4.2.2 the ratio between two characteristic peaks in the Raman
spectrum of graphene, namely the D and the G peak, quantifies the defect density in the
graphene. Pristine graphene has a D/G peak ratio close to zero, while the ratio can exceed
1 for defective graphene. Figure 5.1.10 shows that the D/G peak ratio of the measured
sample remains low for temperatures up to approximately 450 ◦C. For higher temperatures
the ratio goes up and exceeds 0.4 at 550 ◦C. From this plot it is concluded that typical
graphene can be heated up to ∼400 ◦C in air without inducing structural damage. In
vacuum the maximum tolerable temperature will be higher (i.e. up to 2600 K [98]) as there
are little energetic molecules available to damage the graphene. Experimental measurements
should indicate what is the limit on the microwave absorption corresponding to the maximum
allowed graphene temperature. It may be the case that the window temperature and resulting
damage (or emission of interfering IR radiation) is actually the limiting factor on the tolerable
microwave absorption.
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Figure 5.1.10: Measured D/G peak ratio of the Raman spectrum of graphene heated in air. This
ratio quantifies the defect density in the graphene, which increases for temperatures
above 450 ◦C. This temperature above which graphene is damaged may be a limiting
factor on the maximum allowed microwave absorption.
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5.2 Towards highly conductive graphene coatings

Untreated monolayer graphene produced with CVD can reduce microwave transmittance by
40-50% while being transparent up to ∼100 µm (section 5.1.1). This is promising, but not yet
sufficient to meet the set filter requirements. The microwave transmission and absorption
should be lowered by making the coating more reflective. For this reason a more highly
conductive film should be produced, in such a way that the film is still transmissive in the
infrared. This section investigates three methods that can potentially increase conductance
and microwave reflectance: stacking multiple layer of graphene, doping of the graphene with
HNO3 and atomic layer deposition of ZnO on the graphene.

5.2.1 Few layer graphene

The first method examined to increase film conductance and microwave reflectance is the
stacking of graphene layers. This is done by repeating the graphene transfer process explained
in section 4.1.3 on a sample that already has graphene instead of on a bare substrate. In lit-
erature it has been shown that the conductance of the entire stack is increased approximately
linearly with the amount of graphene layers [22, 35, 37, 38]. Essentially, the 3D conductivity
is remained constant in this case while increasing the film thickness d. This linearly in-
creases the 2D conductance σ2D = d ·σ3D and lowers the sheet resistance Rs = 1/σ2D, which
enhances the amount of microwave reflection.

Two samples with three layers graphene are made to reproduce and investigate the effect of
layer stacking on the optical behavior of the film. The graphene of series 1 is transferred on
a silicon substrate and for series 2 oxygen treated silicon is used. In between stacking the
THz-TDS and FTIR transmittance spectra are measured. The results are shown in figure
5.2.1 for series 1 and in figure 5.2.2 for series 2. It is seen that the THz transmittance is
reduced by transferring a second layer on top of the first layer, but this reduction is not as
large as expected. For series 1 in figure 5.2.1 a considerable reduction of about 10% is seen,
but here the first layer was not fully closed and therefore transmitted more THz power. For
both samples the third layer only marginally reduces THz transmittance.
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Figure 5.2.1: Substrate normalized transmittance spectra measured with THz-TDS and FTIR for 1,
2 and 3 layers of graphene of multilayer series 1 (silicon substrate).
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Figure 5.2.2: Substrate normalized transmittance spectra measured with THz-TDS and FTIR for 1,
2 and 3 layers of graphene of multilayer series 2 (O2 treated silicon substrate).

The reason why the THz transmittance is barely reduced can be assessed by looking at
the fitted electrical properties. The transmittance data for bi- or trilayer graphene is badly
fitted when treating it as a single layer of graphene. To better fit the multilayer data the
parametrization for the 2D conductance (i.e. equations 3.2.3 and 3.2.4) and the graphene
thickness are multiplied by the number of layers. The mobility and carrier density fitted
in this way correspond to the average value of each sublayer, while the sheet resistance is
computed for the entire stack. These values are given in table 5.2.1 for both series.

Table 5.2.1: Fitted sheet resistance, mobility and carrier density for the mono- bi- and trilayer
graphene of the two produced series. The sheet resistance corresponds to that of the
entire stack, whereas the mobility and carrier density are computed as an average value
of each graphene layer. A slight reduction in the sheet resistance is seen when stacking
layers, while the mobility is significantly increased and the carrier density is reduced.

Series Substrate Layers (-) Rs (Ω/�) µ (cm2/Vs) n (·1012 cm−2)

1 Si 1 826 1610 4.69

1 Si 2 537 2880 2.02

1 Si 3 528 4436 0.89

2 O2 treated Si 1 479 1153 11.30

2 O2 treated Si 2 434 1630 4.41

2 O2 treated Si 3 429 3129 1.55

Table 5.2.1 shows that the overall sheet resistance is slightly lowered by layer stacking, but
less than inversely proportional with the amount of layers. So, the average conductance
of each graphene layer in the stack (i.e. the product n · µ) is reduced. This seems to be
caused by a strongly reduced carrier density. At the same time the fitted mobility actually
increases, but not as much as the reduction in carrier density. A similar increase in mobility
with the amount of graphene layers is shown in literature [38], where the high mobility is
ascribed to the observation that the linear dispersion relation is not broken when stacking
layers of graphene with a random crystal orientation. It is suspected that the electrical
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coupling between the randomly stacked graphene layers is weaker than the interaction with
a Si or SiO2 substrate, such that a higher mobility can be achieved. A decreased interaction
with the substrate can also lower doping by the substrate and therefore reduce the carrier
density. This effect could explain the observed behavior, but the contamination and/or holes
present on the samples makes it difficult to draw strong conclusions. As validation the film
conductivities can be measured directly using a four point probe. This was not done in this
work as it damages the sample, thereby hindering further processing and measurements.

In contrast to the limited decrease in THz transmission, the transmittance in the near in-
frared does decrease approximately linearly with the number of layers. This is in agreement
with literature [35, 75]. The linear decrease is clearly seen in figure 5.2.3, where the FTIR
spectra of figures 5.2.1 and 5.2.2 are magnified. Based on this data the total interband
conduction increases linearly whereas this is not seen for the intraband conduction. This
difference could be caused by the different length scales involved in interband excitation and
intraband motion of electrons. Figure 5.2.3 also shows that the minimal interband excitation
energy is shifted to lower frequencies by stacking the graphene, which corresponds to the low-
ered carrier density given in table 5.2.1. The linear increase in interband absorption should
be taken into account for the production of a graphene-based microwave-reflective filter, as
layer stacking thus linearly decreases transmittance for diagnostics in the NIR/visible/UV.
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Figure 5.2.3: Substrate normalized transmittance spectra of mono-, bi- and trilayer graphene mea-
sured with FTIR for both multilayer series. In series 1 a silicon substrate was used
and in series 2 an O2 plasma treated silicon substrate. A shift in the minimum inter-
band excitation frequency is seen according to the amount of doping by the substrate.
The interband absorption increases approximately linearly with the amount of layers.

In figure 5.2.3 it is seen that the fits, which corresponding to the fitted THz-TDS and FTIR
data, show less correspondence with the FTIR data when the layers are stacked. This can be
caused by the fact that the interband absorption term in the conductivity parametrization
is an approximation which is only valid for low temperatures. As the layers are stacked the
interband absorption increases and the parametrized curve deviates more strongly from the
measurement data. This deviation makes the fitted mobilities and carrier densities given in
table 5.2.1 less reliable. Another notable result observed in figure 5.2.3 is that the PMMA
absorption peak increases with the amount of layers, which is expected as each layer has
PMMA residue. This residue can dope the graphene layers and influence the amount of
interaction between the layers.
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5.2.2 HNO3 doped graphene

The conductivity of graphene and its corresponding microwave reflectance can also be in-
creased is by intentionally doping the graphene. In literature it has been shown that the
conductivity can be increased by a factor ∼3 by submerging the graphene in 14 M HNO3

for 5 minutes [37], which effectively results in p-doping. This HNO3 doping is essentially
added to the doping by the substrate and should sustain for a few days before the dopant
is evaporated. For actual application a more stable dopant should be found, but nitric acid
does serve as a proof-of-concept.

In order to reproduce the conductivity enhancement found by HNO3 doping a sample with
closed monolayer graphene on an O2 treated substrate was submerged for 5 minutes in 5
M HNO3. Afterwards the FTIR spectrum was measured to investigate the influence of the
HNO3 treatment on the transmittance curve and fitted electronic properties. However, no
significant change was seen in the transmittance spectrum. That is, the local variations of
the FTIR spectrum across the sample were larger than the change in transmittance after
HNO3 treatment. Moreover, when subsequently measuring the same spot in a timespan of
several days no clear decrease in the fitted carrier density was seen, while this is expected if
doping species are evaporated. Increasing the HNO3 concentration to 14 M HNO3 resulted
in complete detachment of the graphene after dipping the sample for 5 minutes. It may have
been the case that the oxygen plasma treated silicon substrate is not suitable for this HNO3

doping method.

5.2.3 ZnO ALD on graphene

Increasing the graphene conductivity by doping is not the preferred approach, as this also
increases the cutoff frequency and thus limits infrared transmission. The more favorable
way is by increasing the carrier mobility such that the conduction is enhanced without
blocking more of the infrared spectrum. One method shown in literature that can enhance
the mobility of CVD graphene is atomic layer deposition (ALD) of zinc oxide (30 cycles
alternating H2O/diethylzinc) [41]. This can enhance the conductivity by a factor∼5 by filling
the resistive grain boundaries of the graphene such that the carrier mobility is increased [41].
In this work ZnO is deposited on three samples with a closed layer of graphene (using the
standard ZnO ALD recipe of PMP for 30 cycles at 200 ◦C).

Table 5.2.2: Sheet resistance, mobility and carrier density fitted from the THz-TDS/FTIR transmit-
tance data of three graphene samples measured before and after 30 cycles ZnO ALD.
Aside from an increase in sheet resistance, no apparent effect of the ZnO treatment on
carrier density or mobility is observed.

Sample Substrate Rs (Ω/�) µ (cm2/Vs) n (·1012 cm−2)

GG375a Quartz 458 3664 3.72

GG375a ZnO Quartz 498 3097 4.05

GG396c Si 518 1896 6.36

GG396c ZnO Si 651 1372 7.40

GG401h O2 treated Si 478 1126 11.60

GG401h ZnO O2 treated Si 661 1209 7.81
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The sheet resistance, mobility and carrier density fitted from the THz-TDS/FTIR transmit-
tance spectra measured before and after ZnO ALD are given in table 5.2.2. No clear trend
is seen, except that the sheet resistance is actually increased rather than decreased. It is
believed that insufficient ZnO was deposited to fill the graphene grain boundaries, due to
which no decrease in sheet resistance or increase in mobility is observed. This presumption is
based on scanning electon microscope (SEM) images made of these samples, where no clear
traces of ZnO could be seen. In the future ZnO deposition should be repeated for a higher
amount of ALD cycles or better optimized conditions in order to deposit sufficient ZnO at
the grain boundaries.

| TU/e | PMP | Fusion | 49



Chapter 6

Discussion

In this thesis a material is investigated that can reflect microwave radiation while trans-
mitting ultraviolet, visible and infrared light. Such a filter is desired in a fusion reactor to
prevent excess microwave radiation from penetrating through the vacuum windows and over-
heating sensitive components. The pursued coating should be microwave-reflective rather
than absorbing to prevent overheating of the window and coating itself. At the same time it
should be transparent for the radiation used in diagnostics corresponding to the line-of-sight
of the vacuum window. Graphene has been investigated as a potential candidate because
its extraordinary electron mobility allows for a high conductivity while maintaining a low
cutoff frequency. In this way microwave radiation can be reflected without blocking infrared
or visible light used in the diagnostics. This chapter discusses the applicability of graphene
and provides a comparison with alternative materials.

The broadband transmittance curve of graphene has been measured in the THz and infrared
regimes using THz-TDS and FTIR. By fitting the data using a parametrization for the
optical conductivity of graphene, the corresponding reflection and absorption is calculated
for the spectral range of interest. For microwave radiation the transmission T , reflection R
and absorption A is rather constant up to the cutoff frequency ωcutoff above which radiation
is transmitted. Calculated values of T , R, A and ωcutoff of typical CVD grown graphene
are given in table 6.0.1, along with the values of the desired filter. Moreover, theoretical
predictions are given of what could be reached with defectless and/or 10 layer graphene.

Table 6.0.1: Characteristics of the pursued filter and of typical graphene grown with CVD in this
project: sheet resistance Rs, mm-wave transmittance T , reflectance R and absorption
A, cutoff frequency ωcutoff and transmittance for visible radiation. The bottom three
rows consist of theoretical predictions of what could be reached using graphene.

Coating Rs Tmm−wave Rmm−wave Amm−wave ωcutoff Tvisible
(Ω/�) (%) (%) (%) (THz) (%)

Reflective filter (desired) <2 <10 >90 <2 1-3 >90
Blocking filter <70 <10 - - 1-3 >90

1 layer CVD graphene 460 50 8 42 3 97.7 [75]
10 layer extrapolation 46 3 65 32 10 77

Intrinsic limit 1 layer 30 [74] 2 74 24 0.5 97.7 [75]
10 layer extrapolation 3 0 97 3 4 77
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In table 6.0.1 a distinction is made between a microwave-reflective and -blocking filter. The
blocking filter has the required transmission characteristics, but may absorb too much mi-
crowave radiation. Such a microwave-blocking filter could be attained by enhancing the
conductivity of monolayer graphene, e.g. by defect-selective deposition of ZnO such that
Rs ≈ 68 Ω/� [41], or by stacking multiple layers of graphene which can linearly increase the
total conductance [22, 35, 37, 38]. The < 70 Ω/� sheet resistance could also be achieved by
doping of the graphene [22, 37, 39, 40, 99], but this increases the cutoff frequency such that
more IR radiation is blocked. Moreover, graphene doping generally degrades within a few
days [39,40]. Conductivity enhancement of CVD grown graphene was not reproduced in this
project, possibly due to inadequate graphene quality, limited HNO3 doping and insufficient
ZnO deposition.

Even with a potentially enhanced conductivity, a microwave-reflective graphene-based coat-
ing with less than 2% power absorption as given in table 6.0.1 is not feasible. That is, even
10 layers of defectless graphene with a carrier density of 1012 cm−2 and mobility 200000
cm2/Vs (corresponding to the intrinsic limit of graphene [74]) are not sufficient to increase
the reflectance to the point where power absorption is lower than 2%. So, the claim that
the coating should be non-absorbing is the bottleneck for meeting the filter requirements.
An experimental or more detailed theoretical study than presented in section 2 should be
performed to reassess the tolerable microwave absorption of a graphene-coated window.

Regarding power absorption the best position of the coating is at the plasma side of the
window, such that microwave power is blocked before entering the window. In this way less
radiation is being absorbed by the window itself: a fully microwave-reflective filter at the
backside results in a round trip of microwaves through the window, whereas there would be
no absorption when the radiation is reflected at the front side. However, when placing the
coating at the plasma side it may be exposed to reactive radicals that could damage, dope
or bond to the graphene. Moreover, in section 5.1.2 it was seen that such (unintentional)
doping and the corresponding transmittance curve of graphene is dependent on ambient
conditions such as the humidity and used substrate. These conditions should thus be taken
into account for the functionality of the coating. In contrast, the magnetic field present
at ITER is not expected to significantly affect the electronic behavior and corresponding
microwave transmittance of graphene (see section 5.1.3).

It has been derived theoretically that the microwave transmittance through graphene is
lowered mostly by absorption rather than by reflection. Since this is an essential result of this
work it is important that the used model is experimentally validated. Direct measurements
of microwave transmittance and reflectance were performed, but these were too inaccurate
to validate the model. This could be due to propagation of microwave power around the
graphene (see section 5.1.1) and internal reflections between the sample and the antennas
(see appendix C). However, in literature microwave transmission, reflection and absorption of
graphene has been measured successfully at 2.2-7 GHz using a 8.6x4.3 cm2 waveguide, giving
T = 59.3%, A = 36.4% and R = 4.3% for graphene with a 635 Ω/� sheet resistance [42].
These values are in close agreement with those calculated with the model for 635 Ω/�
graphene. Furthermore, the electronic properties fitted from the optical measurements are
comparable to those found in literature for CVD graphene [22–24,35] and are in reasonable
correspondence with the performed Hall measurements (see table 5.1.3).

From the results obtained in this work it is clear that graphene has a promising frequency
response, but is not able to reach the requirements of the desired microwave-reflective filter.
Therefore a comparison is made with other materials to see where they can perform better.
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For this purpose indium tin-oxide (ITO) and carbon nanotube (CNT) coatings are assessed
as state of the art alternatives (i.e. conductive films that are at least partially transparent
for IR, visible and UV radiation). The sheet resistances that can be realistically achieved
with ITO [11, 12, 36], CNT [100–104] and graphene [22–24, 35] according to literature are
indicated in figure 6.0.1, where the corresponding microwave transmittance, reflectance and
absorption is calculated as a function of sheet resistance. This calculation applies for all
microwave frequencies and thin films for which d� λ and ω � ωcutoff . Figure 6.0.1 shows
that ITO can achieve a higher microwave reflectance than highly conductive graphene (i.e.
graphene with Rs = 30 Ω/� [22]). In terms of microwave reflection CNT can also perform
better than typical monolayer graphene.
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Figure 6.0.1: Transmitted, reflected and absorbed fraction of microwave power calculated as a func-
tion of the sheet resistance of a thin film, along with the regimes that can be achieved
with ITO [11,12,36], CNT [100–104] and graphene [22–24,35]. In terms of microwave
reflection ITO can perform better than graphene, but this comes at the cost of a low
IR transmission (see figure 6.0.2.)
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Nevertheless, the pursued filter should not only reflect microwave radiation but also transmit
infrared radiation and shorter wavelengths. This is where graphene behaves more favorable
than ITO or CNT. This is clearly seen in figure 6.0.2, where the power transmission, reflection
and absorption is calculated as a function of frequency/wavelength for 300 nm ITO with a
mobility of 27 cm2/Vs and carrier density of 1.4 ·1021 cm−3 [25]. An ITO coating as such has
a cutoff around 2 µm [14, 25, 57] so that most infrared radiation is blocked. A good quality
CNT film (Rs ≈ 150 Ω/�) has a lower cutoff frequency than ITO, but also transmits less
visible light than graphene (TCNT,visible ≈ 80%) [100–104].

It is concluded that a conventional coating such as ITO is more favorable than graphene
when a high microwave reflectance is required and only visible light should be transmitted.
However, ITO cannot be used when (F)IR radiation must be transmitted for diagnostics such
as polarimetry or interferometry. Graphene is more suitable for microwave blocking when
IR transmission is required, provided that significant microwave absorption is tolerable.
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Chapter 7

Conclusions

In fusion reactors microwave radiation can penetrate through the vacuum windows and
potentially overheat sensitive components. To prevent this microwave penetration a filter is
desired that reflects microwave radiation while still transmitting the radiation monitored or
injected by diagnostics. For this purpose it has been investigated whether a graphene-based
coating can be developed that has a high transmittance for UV, visible and IR radiation
while being reflective in the microwave regime.

In order to answer this research question, first the optical behavior of monolayer graphene
grown with chemical vapor deposition was assessed. This was done by measuring broadband
transmittance in the THz and IR regimes, fitting the data and calculating the corresponding
transmittance, reflectance and absorption curves of the graphene. It was found that typical
monolayer graphene can block up to 50% microwave radiation while being transmissive for
wavelengths shorter than ∼100 µm. In the near infrared, visible and UV the transmittance
reaches approximately 97.7%. However, microwave blocking is achieved mostly by absorption
(up to 42%) rather than reflection (up to 8%). It should be noted that these values are
calculated for the produced graphene when it would be suspended in air. The relative
microwave blocking of graphene on an actual substrate is smaller. For example, when placed
on quartz a monolayer graphene reduces microwave transmittance by approximately 38%
compared to the transmittance of the bare quartz substrate.

The optical filter characteristics of graphene should be maintained under the environmental
conditions present at the vacuum window in the fusion reactor. A strong perpendicular
magnetic field can increase microwave transmission through graphene as it affects the electron
motion by the Hall effect. However, it was theoretically and experimentally found that the
perpendicular component of the magnetic field present at ITER is not expected to be of
significant influence on the microwave transmission. Ambient conditions such as humidity
are foreseen to be of more influence through doping of the graphene, particularly on the cutoff
frequency below which radiation is blocked (the cutoff frequency is increased with increased
doping). Neutron irradiation may degrade the conductivity of graphene and thereby increase
its microwave transmittance, but the assessment of neutron irradiation was beyond the scope
of this project.

Since the attained microwave blocking by monolayer graphene is not as high as desired and
is mostly composed of absorption rather than reflection, a higher conductance of the film is
required. Especially the amount of absorption should be reduced by increasing microwave
reflectance in order to avoid overheating of the window and coating itself. Three methods
were investigated to potentially enhance microwave reflectance in such a way that infrared
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transmittance is sufficiently sustained. First, two samples with three layers of graphene were
produced for which a tripled conductance of the total stack is expected from literature. A
linear increase in IR absorption was seen, but the microwave transmittance decreased only
marginally. Secondly, doping of a monolayer graphene with HNO3 was carried out to increase
its conductivity, and finally atomic layer deposition of ZnO was performed which can fill the
grain boundaries in the graphene and thereby increase the electron mobility and conduc-
tivity. Also for these two methods no reproduction of the conductivity enhancement found
in literature was obtained, possibly due to an unsuitable recipe or procedure. It is advised
to reassess these conductivity enhancement methods and corresponding transmittance and
reflectance curves in future work. More ideas for future research are given in chapter 8.

In conclusion, graphene can be applied as a microwave-blocking coating that has a high
transmittance for UV, visible and infrared radiation. Whether or not the amount of mi-
crowave absorption is too high depends on the specific window conditions (e.g. microwave
power, window dimensions and cooling) and the ability of graphene to dissipate the heat
towards the wall. Finally, a higher microwave reflectance can be achieved in future work by
layer stacking, doping and/or grain boundary filling.
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Chapter 8

Outlook

The optical characteristics of graphene have been successfully mapped in this work in order
to assess whether graphene can function as a microwave-reflective coating at diagnostic
windows in fusion reactors. Promising features were seen, but more research is required to
complete the assessment. This chapter indicates the loose ends of this project and provides
suggestions for future research.

First of all, an important conclusion of this work is that graphene has a too large microwave
absorption rather than a high microwave reflectance. This conclusion was based on a max-
imum allowed power absorption of 2%, which is well below the ∼40% absorption of typical
graphene. Still, it may be the case that the requirement of <2% absorption is too strict. Such
a high reflectance and low absorption is also barely achievable with alternatives such as ITO
(see figure 6.0.2). Moreover, the thermal conductivity of graphene is excellent [55,56] so that
the power dissipation towards the wall may be larger than expected. Finally, many differ-
ent diagnostic windows are present at ITER which all have their own specific requirements.
Microwave-absorbing graphene could be suitable for a window that is exposed to relatively
low levels of microwave radiation, but has to protect very sensitive components behind it.
Therefore it is advised to experimentally reassess the maximum tolerable microwave ab-
sorption when applying graphene. This could be done by measuring the temperature of a
graphene-coated window with an infrared sensor upon high power microwave exposure (e.g.
at MISTRAL). Afterwards, the electronic properties and Raman spectrum should be remea-
sured to evaluate possible degradation. The amount of degradation is properly judged when
microwave exposure is performed under similar conditions as would be present at the actual
vacuum window (e.g. amount of conductive cooling, environmental gas and pressure). Such
an approach is also suggested for the assessment of a coating as ITO.

Another source of potential degradation of a graphene coating is the neutron radiation
present at ITER. Assessment of neutron degradation was beyond the scope of this project,
but is advised for the evaluation of a microwave-reflective coating to be used in a fusion
reactor. This assessment could be done by measuring the film quality (e.g. conductivity,
optical characteristics and Raman spectrum) before and after irradiating the sample with a
high neutron flux (e.g. at the SCK-CEN in Mol, Belgium).

A third loose end of this project is the appraisal of highly conductive (multilayer) graphene.
Three layer graphene, HNO3 doped graphene and graphene treated with atomic layer depo-
sition of ZnO were made, but the conductivity enhancement found in literature could not be
reproduced. Further research is required to determine whether such methods can nonetheless
yield a microwave-reflective graphene-based coating, by reproducing the high conductance
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achieved in literature and subsequently measuring the optical characteristics. Whether a
higher conductance is achieved can be monitored straightforwardly using a four point probe
which measures film conductivity. This method has not been applied in this work as it
damages the sample and thereby limits further processing and consecutive measurements.

Assessment of carbon nanotube coatings was beyond the scope of this project, mostly because
of practical considerations such as poor reproducibility. However, CNT coatings may still be
of interest for assessment, as a CNT film (e.g. an in-plane, randomly oriented CNT network)
could achieve a higher microwave reflectance than typical graphene (see figure 6.0.1) while
maintaining IR transmittance [11].

Depending on the success in attaining highly conductive graphene and the tolerable amount
of microwave absorption, it can be the case that it is infeasible to produce a satisfactory
microwave-reflective and IR/visible/UV-transmissive coating. Such a ’step function’ re-
sponse namely relies on intrinsic electronic properties (i.e. conductivity and cutoff frequency)
of the coating which are practically or fundamentally limited. Alternatively, it could be pos-
sible to produce an adequate filter by tailoring frequency-selective reflectance or attenuation
rather than by exploiting an intrinsic optical response. For example, an optical cavity could
be made with two or more sheets of graphene (e.g. on both sides of a window) in such a way
that a narrow band of microwave frequencies is attenuated by destructive interference as in
an optical notch filter. Furthermore, frequency-selective reflectance can be attained by pat-
terning the graphene (e.g. with electron-beam lithography) into a resonant structure. Both
techniques could achieve reflectance of microwave power at the ECH or CTS frequency while
transmitting diagnostic wavelengths. A downside of these approaches is that the broadband
ECE radiation is not fully blocked, while ECE can be the dominant source of microwave
stray radiation in a high performance fusion plasma.

It could be that graphene is not able to reach a high enough conductance for sufficient
microwave reflectance, despite stacking, doping or grain boundary filling. Still, large area
CVD-grown graphene as produced in this project could be useful as Transparent Conductive
Electrode (TCE) in devices such as solar cells, touch screens and light-emitting diodes. In
this work it was measured that graphene is conductive while being transmissive into the
far infrared. This IR transmittance is advantageous for application of graphene as a TCE
in solar cells, since the IR part of the solar spectrum contains energy that is blocked by
conventional TCEs such as ITO. Thus, the (quasi-)optical description of graphene acquired
in this thesis can be of interest in other applications of graphene as well.
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Appendix A

Neutron degradation of graphene

Here a ’back on the envelope’ calculation is made to investigate the risk of structural and
correspondingly electronic degradation of graphene due to neutron irradiation at ITER. Take
a carbon density of 3.82 · 1019 atoms m−2 in graphene [105] and a non-elastic reaction cross
section of 0.53 ·10−28 m2 for a 14.1 MeV neutron on C-12 [106]. Then the chance that a 14.1
MeV neutron non-elastically interacts with the graphene is 3.82·1019 ·0.53·10−28 = 2.0·10−9.

At ITER the neutron load can go up to 1014 n·cm−2s−1 [59], corresponding to an annual
fluence of 3 · 1025 neutrons per m2. Taking again the chance of 2.0 · 10−9 that a neutron
non-elastically interacts with a graphene carbon atom, this yields 6 · 1016 affected atoms per
m2. In other words, ∼0.2% of all graphene carbon atoms will be non-elastically hit by a
neutron during each year of operation.

So, it seems that an insignificant fraction of carbon atoms are actually affected by neutrons,
making electronic degradation unlikely. However, in this calculation only direct interactions
are included, while indirect interactions such as scattering of a substrate atom through the
graphene lattice are dominant [50]. These substrate dependent processes occur about ten
orders of magnitude more often than direct interactions with graphene [50]. At ITER there
is thus a credible chance that a large fraction of graphene carbon atoms will be displaced
or removed by neutron irradiation of the substrate, potentially resulting in loss in electronic
functionality.

Moreover, slight structural degradation of graphene by neutron irradiation has experimen-
tally been observed in literature [51]. Using Raman spectroscopy it was seen in reference [51]
that the G/D peak intensity ratio decreased by approximately 30% after a fluence of 1.5·1019

neutrons per m2. Since the annual neutron fluence at ITER can be six orders of magnitude
higher, this experiment supports the statement that neutron degradation of graphene could
be significant in a fusion reactor.
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Appendix B

Comparison optical models

In this appendix the optical model presented in section 3.3 is compared to thin film approxi-
mations of the substrate-normalized transmission. Like the model, the equations given below
can be used to fit THz/IR transmittance data and are frequently applied in literature [46].

Approximation 1 (commonly used, semi-infinite substrate assumed):

Tsf
Ts
≈ 1− 2

1 +Ns
Z0<(σ2D) (B.0.1)

Approximation 2 (better for FIR, semi-infinite substrate assumed):

Tsf
Ts
≈ |1 + Z0σ2D/(1 +Ns)|−2 (B.0.2)

Approximation 3 (better for NIR/MIR, incoherent backside reflections included):

Tsf
Ts
≈ 1−

( 1

2(N2
s + 1)

+
1

2

)
Z0<(σ2D) (B.0.3)

The used model of section 3.3 is believed to be more accurate than equation B.0.1, B.0.2
or B.0.3 since less assumptions are made in the model. In fact, expression B.0.3 can be
derived from the used model by making further approximations (i.e. for Z0σ2D � 1) [85].
The higher accuracy of the used model is supported by table B.0.1, where it is shown that
the sheet resistance of graphene on silicon (specifically, of sample GG396b characterized in
figure 5.1.1) fitted with the model corresponds the best to the Hall-measured value.

Table B.0.1: Sheet resistance, mobility and carrier density of sample GG396b (CVD-grown graphene
on silicon) determined with a Hall measurement and fitted from the THz-TDS and/or
FTIR transmittance data of figure 5.1.1 using different optical models.

Data Optical model Rs µ n
for data fitting (Ω/�) (cm2/Vs) (·1012cm−2)

Hall measurement – 444 1511 9.30

THz-TDS Used model 461 1731 7.81
FTIR Used model 463 1926 7.00
THz-TDS+FTIR Used model 456 1873 7.31

THz-TDS+FTIR Approx.1 (common) 505 1609 7.68
THz-TDS+FTIR Approx.2 (FIR) 371 1868 9.01
THz-TDS+FTIR Approx.3 (NIR/MIR) 607 1708 6.02
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Table B.0.1 also shows that fitting of only THz-TDS data, only FTIR data or all data
combined yield similar results for this sample. This means that, when using the conductivity
parametrization of section 3.2, IR transmittance data can be used to extrapolate all the way
into the THz regime and vice versa. However, this does not hold for all produced samples.
When holes are present in the sample FTIR extrapolation gives a lower THz transmission
than what is actually measured with THz-TDS.

It is found that different electrical parameters of the graphene are fitted when using different
thin film approximations. So the other way around, a different transmittance is calculated
for the same parameters when using different approximations. This is shown in figure B.0.1,
where the substrate-normalized transmittance curves calculated with the model and with
approximation 1, 2 and 3 are plotted. Of the approximations, equation B.0.3 has the highest
accuracy in the NIR/MIR. In this regime (shown in the inset) approximation 3 indeed most
closely agrees with the used model. Similarly, approximation 2 most closely follows the used
model in the FIR/THz, where equation B.0.2 has the highest accuracy. These observations
suggest that the used model is valid for the entire spectral range.

Figure B.0.1: Substrate-normalized transmittance curves of graphene with Γ = 10 THz and EF =
300 meV, calculated with equation B.0.1, B.0.2 and B.0.3 and with the optical model
used in this thesis (explained in section 3.3).
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Appendix C

Data processing microwave
measurements

Microwave measurements were done using the 140 GHz microwave setup explained in sec-
tion 4.3.1. Here the power transmitted through the sample (i.e. graphene on substrate) is
normalized by the power transmitted though the bare substrate. This gives the substrate-
normalized transmittance of the graphene, which is measured for a range of frequencies
around 140 GHz as shown in figure C.0.1.
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Figure C.0.1: Typical substrate-normalized transmittance signal measured with the 140 GHz mi-
crowave setup explained in section 4.3.1. The oscillations are suspected to correspond
to internal reflections and are filtered out.

Figure C.0.1 shows that the measured signal fluctuates as a function of frequency. It is
believed that this fluctuation is caused by internal reflections between the sample and the
antennas. This premise is supported by Fourier analysis, which shows that the oscillation
periods ∆f = c/2L in the signal correspond to cavity sizes of L ≈ 0.5 m, 1.0 m, 1.5 m. . .
where L = 0.5 m is approximately the distance between the antenna and the sample. The
fluctuations are filtered out by removing the oscillation periods below ∆f = c/(2 · 0.5m)
after Fourier transformation, which returns the red dotted line in figure C.0.1. Averages of
such filtered signals are used for the values of the 140 GHz microwave transmittance and
reflectance given in this report. As the radiated microwave power in the setup is not perfectly
constant in time, the measured transmittance or reflectance varies in between measurements.
The standard deviation of these values is used as the measurement error.
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Appendix D

Matlab codes

The following sections provide a selection of Matlab scripts acquired and used in this work.
Section D.1 gives the essential parts of the scripts used for fitting THz-TDS and FTIR
transmittance data. The calculation of the temperature of a microwave-absorbing vacuum
window presented in chapter 2 is done with the script given in section D.2. Finally, section
D.3 contains the script used for calculating the optical conductivity of graphene in the
presence of a perpendicular magnetic field [52].

D.1 Fitting of THz-TDS and FTIR transmittance data

1 % #########################################################################

2 % Main script for fitting the THz -TDS and/or FTIR transmittance data. This

3 % script calls the function TsfTs_Maley_Falkovsky.m given below in sec.D.1.

4 % Output: Fermi energy (E_F) and scattering rate (Gamma) of the graphene.

5 % #########################################################################

6

7 %% PHYSICAL CONSTANTS (SI) ================================================

8 kb = 1.3806488E-23;

9 e = 1.602176565E-19;

10 h = 6.62606957E-34;

11 hbar = h/(2*pi);

12 mu0 = pi*4E-7;

13 eps0 = 8.854187817E-12;

14 c = 1/sqrt(mu0*eps0);

15 me = 9.10938356E-31;

16

17 %% GIVEN PARAMETERS =======================================================

18 NL = 1; % Number of graphene layers (-)

19

20 T = 300; % Temperature (K)

21 eps_sub = 11.7; % Dielectric function substrate (-) SILICON

22 %eps_sub = 4.3; % Dielectric function substrate (-) QUARTZ

23 v_f = 1E6; % Fermi velocity (m/s)

24 d_g = 3.45E-10*NL; % Thickness graphene film (m)

25 theta = 0; % Angle of incidence (rad)

26

27 para = zeros (4,1);

28 para (1) = T;

29 para (2) = eps_sub;

30 para (3) = d_g;

31 para (4) = NL;
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32 savefile = ’para.mat’;

33 save(savefile ,’para’);

34

35 %% COPY THz -TDS AND/OR FTIR DATA ==========================================

36 count = 1;

37 for i = 1: length(Freq_THz);

38 xdata(count) = Freq_THz(i);

39 ydata(count) = TsfTs_THz(i);

40 count = count +1;

41 end

42 for i = 1: length(Freq_FTIR);

43 if Freq_FTIR(i)>freq_min && Freq_FTIR(i)<freq_max

44 xdata(count) = Freq_FTIR(i);

45 ydata(count) = TsfTs_FTIR(i);

46 end

47 count = count +1;

48 end

49

50 %% BOUNDS TO FIT ==========================================================

51 E_F_min = 10; % meV

52 E_F_max = 5000; % meV

53 E_F_start = 300; % meV

54 Gamma_min = 0.1; % THz

55 Gamma_max = 100; % THz

56 Gamma_start = 10; % THz

57 sigma_offset_min = 0; % muS

58 sigma_offset_max = 50; % muS

59 sigma_offset_start = 1; % muS

60

61 lb = [E_F_min Gamma_min sigma_offset_min ];

62 ub = [E_F_max Gamma_max sigma_offset_max ];

63 x0 = [E_F_start Gamma_start sigma_offset_start ];

64

65 %% FIT DATA ===============================================================

66 fun = @(x,xdata)TsfTs_Maley_Falkovsky(x,xdata);

67 X = lsqcurvefit(fun ,x0 ,xdata ,ydata ,lb ,ub);

68

69 %% RESULTS ================================================================

70 E_F = X(1)*e*1E-3; % Fermi energy / chemical potential (J)

71 Gamma = X(2)*1E12; % Scattering rate (Hz)

72 sigma_offset = X(3)*1E-6;

1 % #########################################################################

2 % TsfTs_Maley_Falkovsky: Function used for fitting the substrate -normalized

3 % THz -TDS and/or FTIR transmittance data. This function is called from the

4 % main script given above. The same equations as given in this script are

5 % also used to calculate the reflectance and absorption of the graphene.

6 % #########################################################################

7

8 function TsfTs = TsfTs_Maley_Falkovsky(x,xdata)

9 %% PHYSICAL CONSTANTS (SI) ================================================

10 kb = 1.3806488E-23;

11 e = 1.602176565E-19;

12 h = 6.62606957E-34;

13 hbar = h/(2*pi);

14 mu0 = pi*4E-7;

15 eps0 = 8.854187817E-12;

16 c = 1/sqrt(mu0*eps0);

17

18
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19 %% TO BE FITTED ===========================================================

20 E_F = x(1)*e*1E-3;

21 Gamma = x(2)*1E12;

22 sigma_offset = x(3)*1E-6;

23

24 %% INPUT PARAMETERS =======================================================

25 load(’para.mat’);

26 T = para (1); % Temperature (K)

27 eps_sub = para (2); % Dielectric function substrate (-)

28 d_g = para (3); % Thickness graphene film (m)

29 NL = para (4); % Number of layers (-)

30 Freq = xdata; % Frequency (Hz)

31

32 %% OPTICAL CONDUCTIVITY L.A. Falkovsky ====================================

33 omega = 2.*pi.*Freq;

34 sigma_intra_Falkovsky = (1i.*2.*e^2.*kb.*T)./(pi.*hbar ^2.*( omega +1i.*Gamma))

.*log (2.* cosh(E_F ./(2.* kb.*T)));

35 sigma_inter_Falkovsky = e.^2./(4.* hbar).*(1/2+(1/ pi).*atan((hbar.*omega -2.*

E_F)./(2.* kb.*T))-1i./(2.* pi).*log((hbar.* omega +2.* E_F).^2./(( hbar.*omega

-2.* E_F).^2+(2.* kb.*T).^2)));

36 sigma_Falkovsky = sigma_intra_Falkovsky + sigma_inter_Falkovsky;

37

38 sigma_2D = NL*( sigma_Falkovsky+sigma_offset);

39 eps_g = 1-(1i.* sigma_2D ./d_g)./(2.* pi.*Freq.*eps0);

40

41 %% CORRESPONING -SUBSTRATE NORMALIZED TRANSMITTANCE ========================

42 % --- Incoherent substrate and coherent film (N. Maley) -------------------

43

44 % 1) Tsf: Complete stack --------------------------------------------------

45 N1 = 1; % Air

46 N2 = sqrt(eps_g); % Graphene

47 N3 = sqrt(eps_sub); % Substrate

48 N4 = 1; % Air

49

50 n1 = real(N1);

51 n3 = real(N3);

52 n4 = real(N4);

53

54 % Attenuation/propagation factor for coherent film

55 lambda = c./Freq;

56 beta = 2*pi*d_g.*N2./ lambda;

57 P = exp(-1i*beta);

58

59 % Fresnel coefficients at normal incidence

60 t = @(Ni ,Nt) 2*Ni./(Ni+Nt);

61 r = @(Ni ,Nt) (Ni -Nt)./(Ni+Nt);

62 t12 = t(N1 ,N2);

63 t23 = t(N2 ,N3);

64 t32 = t(N3 ,N2);

65 r21 = r(N2 ,N1);

66 r23 = r(N2 ,N3);

67 r32 = r(N3 ,N2);

68

69 T34 = (n4./n3).*abs(t(N3 ,N4)).^2;

70 T13 = (n3./n1).*abs(t12.*t23.*P./(1-P.^2.* r21.*r23)).^2;

71 R31 = abs(r32+P.^2.* t32.*t23.*r21./(1-P.^2.* r21.*r23)).^2;

72 R34 = abs(r(N3 ,N4)).^2;

73

74 Tsf = T34p.*T13./(1-R31.*R34); % Transmittance of substrate+film

75
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76 % Not used here , but calculated in other script:

77 Rsf = R13+T13.*T31.*R34./(1-R31.*R34); % Reflectance of substrate+film

78 Asf = 1-Tsf -Rsf; % Absorption of substrate+film

79

80 % 2) Ts: Substrate only ---------------------------------------------------

81 N1 = 1; % Air

82 N2 = 1; % Air

83 N3 = sqrt(eps_sub); % Substrate

84 N4 = 1; % Air

85

86 n1 = real(N1);

87 n3 = real(N3);

88 n4 = real(N4);

89

90 % Attenuation/propagation factor for coherent film

91 lambda = c./Freq;

92 beta = 2*pi*d_g.*N2./ lambda;

93 P = exp(-1i*beta);

94

95 % Fresnel coefficients at normal incidence

96 t = @(Ni ,Nt) 2*Ni./(Ni+Nt);

97 r = @(Ni ,Nt) (Ni -Nt)./(Ni+Nt);

98 t12 = t(N1 ,N2);

99 t23 = t(N2 ,N3);

100 t32 = t(N3 ,N2);

101 r21 = r(N2 ,N1);

102 r23 = r(N2 ,N3);

103 r32 = r(N3 ,N2);

104

105 T34 = (n4./n3).*abs(t(N3 ,N4)).^2;

106 T13 = (n3./n1).*abs(t12.*t23.*P./(1-P.^2.* r21.*r23)).^2;

107 R31 = abs(r32+P.^2.* t32.*t23.*r21./(1-P.^2.* r21.*r23)).^2;

108 R34 = abs(r(N3 ,N4)).^2;

109

110 Ts = T34.*T13./(1-R31.*R34); % Transmittance of substrate

111

112 TsfTs = Tsf./Ts; % SUBSTRATE -NORMALIZED TRANSMITTANCE

113 end

D.2 Temperature rise of a microwave absorbing window

1 % #########################################################################

2 % Script used for calculating the temperature of a circular window upon

3 % uniform heating (Results given in chapter 2).

4 % -------------------------------------------------------------------------

5 % ASSUMPTIONS

6 % - No radiation losses

7 % - Fixed temperature at the edge of the window (r=R), so ideal conduction

8 % to the surroundings (T(R)=T_sur)

9 % - Physical properties are constant as function of temperature

10 % #########################################################################

11

12 clear; clc;

13 format long

14 % -------------------------------------------------------------------------

15 %% Set parameters

16 % -------------------------------------------------------------------------

17
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18 % Microwave radiation intensity

19 p_stray = 100E3; % Microwave stray radiation load (W/m2)

20 alpha = 2E-2; % Absorbed fraction of power for th=12 mm (-)

21 p_abs = alpha*p_stray; % Absorbed power density (W/m2)

22

23 % Thermal properties of window - Based on Fused Silica

24 k = 1.38; % Thermal conductivity (W/mK)

25 rho = 2201; % Density (kg/m3)

26 c = 703; % Specific heat capacity (J/kgK)

27

28 % Initial temperature and wall temperature

29 T_start = 300; % Initial temperature (K)

30 T_wall = 300; % Wall temperature (K)

31

32 % Window dimensions

33 R = 35E-3; % Radius (m)

34 th = 12E-3; % Thickness (m)

35

36 p_abs = p_abs*th/12E-3; % Linear increase in p_abs with thickness

37

38 % -------------------------------------------------------------------------

39 %% Set calculation settings

40 % -------------------------------------------------------------------------

41

42 % Spatial resolution

43 Nr = 100;

44 dr = R/Nr;

45

46 % Time resolution

47 Nt = 200000;

48 dt = 0.01;

49

50 % Dimensions of each layer

51 r = (dr/2:dr:Nr*dr+dr/2); % Radius of each layer ir (m)

52 A_in = 2*pi*(r-dr/2)*th; % Inner surface of layer ir (m2)

53 A_out = 2*pi*(r+dr/2)*th; % Outer surface of layer ir (m2)

54 A_ext = 2*pi*r*dr; % Exposed external surface of layer ir (m2)

55

56 % Heat transfer coefficients and heat capacities of the layers

57 U_in = k*A_in/dr; % Inner heat transfer coefficient of layer ir (W/K)

58 U_out = k*A_out/dr; % Outer heat transfer coefficient of layer ir (W/K)

59 C = rho*c*A_ext*th; % Heat capacity of layer ir (J/K)

60

61 % Matrix q with heat fluxes qi = q(zi ,tj) at positions zi times tj (W)

62 q = zeros(Nr ,Nt);

63

64 % Matrix T with temperatures Tij = T(zi ,tj) at positions zi and times tj(K)

65 T = T_start*ones(Nr ,Nt);

66

67 % -------------------------------------------------------------------------

68 %% Calculate temperature distribution T(ri ,tj)

69 % -------------------------------------------------------------------------

70

71 % START CALCULATION LOOP

72 for it = 1:Nt -1

73

74 % CALCULATE NEW HEAT FLOWS (W)

75 q(1,it) = (T(2,it)-T(1,it))*U_out (1)+p_abs*A_ext (1);

76 for ir = 2:Nr -1
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77 q(ir,it)= (T(ir+1,it)-T(ir ,it))*U_out(ir)+(T(ir -1,it)-T(ir ,it))*U_in(

ir)+p_abs*A_ext(ir);

78 end

79 q(Nr,it) = (T_wall -T(Nr ,it))*U_out(Nr)+(T(Nr -1,it)-T(Nr ,it))*U_in(Nr)+

p_abs*A_ext(Nr);

80

81 % CALCULATE NEW TEMPERATURES

82 for ir = 1:Nr

83 T(ir,it+1)= T(ir ,it)+dt*q(ir ,it)/C(ir);

84 end

85 end

86

87 % -------------------------------------------------------------------------

88 %% Plot results

89 % -------------------------------------------------------------------------

90

91 % Temperature against time for different positions .......................

92 t = (0:dt:(Nt -1)*dt);

93 plot(t,T(1,:),t,T(round(Nr/4) ,:),t,T(round(Nr/2) ,:),t,T(round (3*Nr/4) ,:));

94 xlabel(’Time (s)’); ylabel(’Temperature (K)’);

95 legend(’r=0’,’r=0.25\ cdotR ’,’r=0.5\ cdotR ’,’r=0.75\ cdotR ’,’Location ’,’

northwest ’);

D.3 Optical conductivity of graphene with a magnetic bias

1 % #########################################################################

2 % Influence magnetic bias on optical conductivity of graphene (eqs. Hanson)

3 % #########################################################################

4 clear; clc;

5 format long;

6

7 %% Physical constants (SI) ================================================

8 kb = 1.3806488E-23;

9 e = 1.602176565E-19;

10 h = 6.62606957E-34;

11 hbar = h/(2*pi);

12 mu0 = pi*4E-7;

13 eps0 = 8.854187817E-12;

14 c = 1/sqrt(mu0*eps0);

15

16 %% Parameters =============================================================

17 T = 300; % Temperature (K)

18 E_F = 0.3*e; % Fermi energy / chemical potential (J) [GG396b]

19 Gamma = 1.7E13; % Scattering rate (Hz) [GG396b]

20 Gamma = Gamma /2; % Factor 1/2 for convention used by Hanson

21 v_F = 1E6; % Fermi velocity (m/s)

22 B0 = 3; % Magnetic bias (T)

23

24 %% Fermi -Dirac function ===================================================

25 fd = @(E) 1./( exp((E-E_F)./(kb*T))+1);

26

27 %% M function =============================================================

28 % The excitonic energy gap Delta , which arises by the presence of a mag -

29 % netic field , is neglected considering electric screening and Delta <<kbT.

30 M = @(n) sqrt (2*n*v_F^2*abs(e*B0)*hbar);

31

32 %% sigma_d (Hanson eq. 54) and sigma_o (Hanson eq. 55) ====================

33 N = 100; % Summation for sigma_d and sigma_o up to N
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34

35 Freq = zeros (1);

36 sigma_d = zeros (1);

37 sigma_o = zeros (1);

38 sigma_Hanson = zeros (1);

39 sigma_Falkovsky = zeros (1);

40

41 i_freq = 1;

42 for x = 9 : 0.01 : 15 % Start frequency loop

43

44 Freq(i_freq) = 10^x;

45 omega = 2*pi*Freq(i_freq);

46

47 % sigma_d -----------------------------------------------------------------

48 sigma_d_pre = ((e^2*v_F^2*abs(e*B0)*(omega -1i*2* Gamma)*hbar)/(-1i*pi));

49

50 sigma_d_sum = 0;

51 for n = 0 : N;

52 sigma_d_sum = sigma_d_sum + ((fd(M(n))-fd(M(n+1))+fd(-M(n+1))-fd(-M(n)))/((M(

n+1)-M(n))^2-(omega -1i*2* Gamma)^2* hbar ^2))*(1/(M(n+1)-M(n)))...

53 + ((fd(-M(n))-fd(M(n+1))+fd(-M(n+1))-fd(M(n)))/((M(n+1)+M(n))^2-(omega -1i*2*

Gamma)^2* hbar ^2))*(1/(M(n+1)+M(n)));

54 end

55

56 sigma_d(i_freq) = sigma_d_pre*sigma_d_sum;

57 % -------------------------------------------------------------------------

58

59 % sigma_o -----------------------------------------------------------------

60 sigma_o_pre = - ((e^2*v_F^2*e*B0)/pi);

61

62 sigma_o_sum = 0;

63 for n = 0 : N

64 sigma_o_sum = sigma_o_sum + (fd(M(n))-fd(M(n+1))-fd(-M(n+1))+fd(-M(n)))...

65 * 2/((M(n+1)-M(n))^2-(omega -1i*2* Gamma)^2* hbar ^2);

66 end

67

68 sigma_o(i_freq) = sigma_o_pre*sigma_o_sum;

69 % -------------------------------------------------------------------------

70

71 i_freq = i_freq +1;

72 end % End frequency loop

73

74 %% Plot conductivities ====================================================

75 semilogx(Freq ,sigma_d ,Freq ,-sigma_o);
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