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Abstract

Epitaxial graphene grown on silicon carbide, or epigraphene, offers in principle a suitable
platform for electronic applications of graphene which require scalable, reproducible, and
high-quality material. However, one of the main drawbacks of epigraphene lies in the
difficulty in tuning its carrier density due to strong interactions with the substrate.

This thesis introduces a novel molecular doping method which is especially suitable
for 2D materials. This technique utilizes acceptor molecules mixed with a polymer, which
results in a dopant blend that can be applied using simple spin-coating. It provides
potent and homogeneous doping over wafer-scale, leading to doped epigraphene samples
with exceptionally low charge disorder, comparable to state-of-the-art encapsulated
or suspended graphene, in addition to record high carrier mobilities for epigraphene
(80 000 cm2/Vs at 2 K). Molecular doping allows for controllable tuning of the carrier
density of epigraphene, which opens up many different avenues for potential applications.

The doping method was successfully used to create practical graphene quantum
resistance standards based on the quantum Hall effect. Doped epigraphene devices were
compared to conventional GaAs devices by two independent metrology institutes, and it
was confirmed that epigraphene meets the stringent criteria for use in precision quantum
resistance metrology. Furthermore, the samples could consistently operate at relaxed
measurement conditions with stable doping levels, which extend the device lifetimes to
over three years and counting.

Doped epigraphene was also used to develop magnetic field sensors capable of operating
from room temperature up to T = 150 ◦C. With the doping level tuned close to neutrality,
epigraphene Hall sensors were shown to rival, and even surpass, the best graphene-based
Hall sensors reported in literature thus far, including having record-low magnetic field
detection limits at room temperature. The Hall sensors also demonstrated promising
performance at high temperatures, with the potential to one day outmatch industrial
sensors in the automotive and military temperature ranges.

Lastly, doped epigraphene was used to create a proof-of-concept terahertz detector.
Near charge neutrality, epigraphene develops a logarithmic temperature dependence of
resistance which enables its use as a bolometric mixer. The device demonstrated highly
sensitive and wide-band coherent detection of terahertz signals, with record-low power
consumption requirements. It was found that initial device performance was limited by
the measurement setup, and an optimized device could potentially allow for the creation
of detector arrays which provide quantum limited detection across the entire terahertz
range, which would revolutionize sensors used in next-generation space telescopes.
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1 Introduction

1.1 What is Graphene?

Figure 1.1: Artistic rendering of a graphene sheet.

Graphene is a two-dimensional (2D) material , which consists of a single layer of
carbon atoms arranged in a hexagonal lattice (Figure 1.1). This crystal structure leads
to many interesting properties, which have the potential to exceed the characteristics of
more conventional materials. Graphene has no band gap, but since the carrier density can
still be tuned like a semiconductor, it is therefore commonly referred to as a semi-metal.
The electronic band structure at low Fermi energies has a linear dispersion relation, and
is in principle charge neutral at zero Fermi energy (Dirac point). The linear dispersion
relation leads to effectively massless charge carriers, which result in exceptionally high
carrier mobilities being observed at room temperature [1]. Furthermore, due to the lack
of band gap graphene absorbs light in a broad range of frequencies, and the absorption is
proportional to the fine structure constant α [2], absorbing around 2.3 % of visible light
despite being atomically thin. The thermal conductivity is also high, with reported values
up to 3000 W/mK, comparable to even copper [3]. Last but not least, its mechanical
properties include being both flexible and strong. Relative to its size, graphene is
sometimes hailed as the strongest material in the world [4].

The list of advantages is long, and this intriguing material was theoretically studied
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starting from 1947 by Wallace [5]. Interestingly, one of the earliest experimental signs of
graphene occurred already in 1975 [6]. In that work, graphene, or monolayer graphite
as it was called back then, was actually grown on hexagonal silicon carbide (SiC). This
early discovery lay dormant for some time, until around 2004, when Geim and Novoselov
exfoliated graphene from graphite using a scotch-tape method, and presented a more
complete experimental verification of its exciting electronic properties [7, 8]. This work
earned them the 2010 Nobel Prize in physics, and graphene has enthralled researchers
all over the world ever since. This new 2D material has been envisioned to have endless
applications within new technological innovations, with lofty goals to surpass current
technologies in fields such as bio-medicine, composites, chemical sensors, energy harvesting
and storage, just to name a few. However, even after roughly a decade after the start of
the graphene revolution, efforts to outperform established technologies have been difficult
to realize in practice. While graphene possesses many exceptional properties in theory,
their manifestation in practice is often contingent on excellent material quality. This
highlights the importance of the production of high-quality monolayer graphene on a
large scale, which remains an active field of study to this day.

1.2 Epitaxial Graphene

Figure 1.2: Artistic rendering of epigraphene (black), including the buffer layer (purple)
and SiC substrate (Blue-black). Note that the buffer layer is depicted without covalent
bonds to the substrate.
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Harking back to the forgotten roots of graphene, epitaxial graphene grown on sili-
con carbide (epigraphene) is the graphene of choice for this thesis. Epigraphene is in
principle a very attractive choice for electronic applications of graphene which require
scalability, reproducibility, and high electronic quality. This is because epigraphene
is grown bottom-up, epitaxially on a silicon carbide crystal (SiC), which results in a
high-quality monocrystalline graphene film across the entire substrate [9, 10]. Moreover,
epigraphene can in principle be grown on a wafer-scale [11, 12], which is a prerequisite
for real-world applications, where scalable production is paramount. Another benefit is
that the insulating nature of the SiC substrate enables direct fabrication of electrical
devices after epigraphene growth. This forgoes the need for further material transfer
processes which are necessary for methods such as chemical vapor deposition (CVD) and
mechanical exfoliation. The reduced complexity of fabrication ensures that the quality of
epigraphene is preserved [13]. Finally, the unique combination of epigraphene with SiC
results in a material that can withstand high operating temperatures, which is attractive
for industrial applications such as magnetic sensing in automobiles.

In terms of real applications, epigraphene has already shown great promise in the
field of quantum resistance metrology [14]. To date, this is perhaps the only electronic
application which truly utilizes the unique electrical properties of graphene, and specifically
epigraphene, to surpass conventional materials.

One of the main drawbacks which hinders widespread use of epigraphene, is the
difficulty in tuning the charge carrier density n. Control over the carrier density is crucial
not only because it gives epigraphene greater flexibility in potential applications, but also
because it is the key which grants access to interesting physics phenomena near the charge
neutrality point (Dirac point). Due to the nature of the growth process, there exists an
interface layer of carbon known as the buffer layer (see Figure 1.2), which in conjunction
with the SiC substrate influence the electronic properties of epigraphene. One consequence
is high intrinsic n-doping (n ≈ 1013 cm-2), and the other is Fermi energy pinning which
effectively reduces the efficiency of gating [15]. These two problems work in tandem to
provide a challenge to those who wish to tune the carrier density of epigraphene, especially
across the Dirac point, and it is one of the core problems addressed in this thesis.

1.3 Initial Motivation

The starting point of the research presented in this thesis was to improve the application
of epigraphene in quantum resistance metrology, where it fulfills a useful niche. Quantum
resistance metrology deals with the definition and precise measurement of the unit of
resistance Ohm (Ω), down to part-per-billion accuracy. Historically, it has relied on the
quantum Hall effect (QHE) [16] in two-dimensional electron gases (2DEG) commonly
based on gallium arsenide (GaAs). At sufficiently strong magnetic fields (> 10 T) and
low temperatures (< 2 K), the measured transverse resistance (RXY ) takes on quantized
values defined only by fundamental constants Planck’s constant h and elementary charge e.
The resistance is proportional to the aptly named von Klitzing constant RK = h/e2, the
namesake of the discoverer of the QHE. Because the resistance is precisely defined solely
by fundamental constants, it provides an excellent universal reference point for resistance
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measurements. This universality ensures that in principle any graphene sample, regardless
of device geometry, can be made into a primary resistance standard, eliminating the need
for artifact standards which all have their own idiosyncrasies [17]. Due to the unique
properties of epigraphene specifically, the QHE can be observed at lower magnetic fields,
higher temperatures, and at higher bias currents than for conventional 2DEGs [14, 18, 19].
Additionally, the quantum Hall plateau corresponding to filling factor ν = 2 is very robust
in epigraphene, extending up to 50 T [20]. Owing to more relaxed measurement conditions,
a graphene based quantum Hall resistance (QHR) standard would require neither high-end
machinery, nor state-of-the-art laboratories to function. Work on developing a portable
table-top cryogen-free version of a graphene QHR standard has already started in earnest
[19]. QHR standards based on epigraphene are therefore not only the superior realization,
but it also facilitates the dissemination of a primary standard closer to the end-user,
thereby decreasing calibration uncertainty. In the beginning of this thesis, there existed
unresolved issues regarding the fabrication process of epigraphene QHR standards which
limited their performance and reliability. One of the main culprits was, as mentioned,
charge carrier density control in epigraphene.

There are myriad reasons why charge carrier density control is important, and not
only just for QHR applications, but for electronic devices in general. Carrier density
control via gating or doping is after all the cornerstone of the modern digital society,
which is entirely dependent on transistor logic. Regarding quantum resistance metrology,
a high charge carrier density increases the minimum required magnetic field in order to
reach quantizing conditions. A low carrier density is important in order to achieve relaxed
operating conditions for an epigraphene QHR device. One also has to take into account
allowed bias currents, which should be maximized in order to improve signal-to-noise-ratio
and reduce the measurement uncertainty. For a specific combination of magnetic field
and temperature, there is an optimum charge carrier density that maximizes critical
current [19] and some fine-tuning of the carrier density is needed to find the sweet spot.
Furthermore, the accuracy and robustness of resistance quantization can be sensitive to
charge disorder [21, 22], which demands the use of high-quality epigraphene with spatially
homogeneous doping. Finally, for real-world applications the method used to control the
carrier density should ideally possess long-term stability, as this will extend the lifetime
of epigraphene QHR standards.

1.4 Research Scope

This thesis summarizes and elaborates upon the works presented in Paper A through
Paper F.

Paper A and Paper B deal with previous work related to the creation of a practical
table-top epigraphene QHR system that needs to reliably operate at relaxed conditions
of <5 T and 4.2 K. In order to achieve this feat, control over the carrier density of
epigraphene is crucial. This conundrum provided one of the main motivating factors
behind the pursuit of the development of a molecular dopant blend. The contributions
from this thesis to these initial metrology projects are mainly sample fabrication and
initial characterization.
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The main result of this thesis is presented in Paper C. It pertains to the development
of a novel molecular doping method, which utilizes an acceptor molecule1 combined with
a polymer2 to form a dopant blend. This dopant blend can be applied onto epigraphene
using simple spin-coating in ambient conditions, and the final doping level can be tuned
using thermal annealing. Measurements demonstrated that it provides potent and
homogeneous doping on a millimeter scale, with the ability to bring epigraphene very close
to charge neutrality while maintaining high carrier mobilities. Chemical analysis of the
deposited dopant blend revealed that the F4TCNQ molecules diffuse through the PMMA
matrix and spontaneously assemble near the epigraphene surface, forming charge-transfer
complexes between epigraphene and F4TCNQ molecules which results in a p-doping effect.
Addtionally, doped epigraphene showed exceptionally low charge disorder, comparable to
state-of-the-art exfoliated graphene flakes encapsulated by hexagonal boron nitride (hBN)
[23] or suspended graphene [24]. This work demonstrates that a F4TCNQ-based polymer
dopant blend provides stable, potent, and tunable doping of epigraphene.

Armed with this effective molecular doping technique, the aforementioned problem
of carrier density control in the realm of epigraphene quantum resistance metrology was
tackled. Paper D marks the culmination of these efforts, wherein doped epigraphene QHR
standards were compared to well-established conventional GaAs-based QHR standards.
The tests were performed independently at two different national metrology institutes
(NMI), and both verified that molecular doped epigraphene passes all the precision
requirements for use in quantum resistance metrology. In addition, the samples showed
a slow linear drift over the course of three years, with extrapolated device lifetimes
potentially exceeding decades. This work reveals that molecular doping of epigraphene
can be a solution for the real-world implementation of practical epigraphene-based QHR
standards.

A natural extension to quantum Hall effect devices is to look at sensors based on the
classical Hall effect. Instead of measuring the Hall voltage in the presence of an external
magnetic field, epigraphene can perform the role of a magnetometer which measures the
external field by detecting induced Hall voltage. In Paper E, doped epigraphene devices
were leveraged as sensitive Hall elements. The parameter space and performance limits of
devices under ambient conditions were studied using the molecular doping technique to
tune the carrier density across the Dirac point. In the end, optimal points of operation
for magnetic field sensing were identified, and it was shown that epigraphene doped
close to neutrality can rival, and even surpass, the best graphene-based Hall sensors
reported in literature thus far. Lastly, the doped Hall sensors showed respectable high
temperature performance up to 150 ◦C, which is potentially very attractive for industrial
applications such as in the automotive field. This work shows that epigraphene doped
close to neutrality can be utilized as high-performance Hall sensors.

For the third tested application of doped epigraphene, the focus shifts from magneto-
transport phenomena to light sensing. Paper F demonstrates that epigraphene, uniformly
doped to charge neutrality, can work as a fast and sensitive bolometric mixer for radiation
in the terahertz frequency (THz) range. In the regime of charge neutrality, electrical
transport in epigraphene is dominated by quantum interference effects, which results in

12,3,5,6-Tetrafluoro-tetracyanoquinodimethane or F4TCNQ
2poly(methyl-methacrylate) or PMMA
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a logarithmic temperature dependence of resistance. This enables highly sensitive and
wide-band coherent detection of signals due to a bolometric response. The measurements
demonstrated that epigraphene can perform favorably compared to conventional THz
mixers in terms of mixing bandwidth and gain, but with a notable advantage in its record-
low power consumption. It was found that the reported proof-of-concept performance
was limited by the measurement setup, and under ideal conditions this approach could,
for the first time, provide THz detector arrays with quantum limited detection spanning
the full THz range. This work indicates that epigraphene doped close to neutrality can
be used for state-of-the-art THz detectors. The contributions from this thesis are sample
fabrication and DC characterization.

Figure 1.3: Artistic rendering of an epigraphene THz detector. Incident THz radiation
from the cosmos is combined with a reference signal, and directed to epigraphene. The
light is absorbed and heats up the electronic system, which can be detected using resistance
measurements.
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1.5 Thesis Outline

� Chapter 2 introduces concepts and theory regarding the electrical properties of
graphene.

� Chapter 3 contains descriptions of various experimental methods needed to fabricate
a working epigraphene device. The minute details of microfabrication recipes have
been relegated to Appendix A.

� Chapter 4 begins with a brief introduction to previous work related to a table-top
QHR standard (Paper A, Paper B) which serves as the starting point and
driving force behind investigations into carrier density control of epigraphene. The
subsequent sections contain the results of paper Paper C, and are dedicated to the
intricacies of the molecular doping method.

� Chapter 5 presents the experimental results related to Paper D. The opening
section provides some more insight into previous works (Paper A, Paper B), and
their importance for metrology. The remaining sections deal with the metrologi-
cal verification of doped epigraphene QHR standards, and how they compare to
established conventional GaAs-based resistance standards.

� Chapter 6 presents the experimental results related to Paper E. The performance
limits of doped epigraphene Hall sensors are explored in a wide parameter space
spanning different carrier densities and temperatures.

� Chapter 7 presents the experimental results related to Paper F. The chapter starts
with a short introductory background to the world of THz astronomy, before moving
on the performance of a doped epigraphene THz detector.

� Chapter 8 is the final chapter and it provides a summary of the main results,
alongside some concluding remarks, and future outlook.
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2 Theory & Concepts

Graphene is an allotrope of carbon, with a crystal structure consisting of carbon atoms
arranged in a 2D hexagonal lattice. The simple honeycomb structure results in interesting
electrical properties which will be explored below. This chapter serves as a primer for
the underlying theory and concepts behind the unique electrical properties of graphene
in general, and epigraphene in particular. Graphene is introduced first, followed by
the concepts required to grasp the peculiarities of epigraphene, and how they alter its
properties. The latter sections start with a broad discussion on the classical Drude model
and general magnetotransport phenomena in two dimensions (2D), followed by quantum
transport phenomena. For a more in-depth look into general electron transport theory
see references [25, 26]. For graphene specific theory see references [27–29].

2.1 Electrical Properties of Graphene

Figure 2.1: Left: Real space representation of the graphene crystal lattice. The lattice
can be decomposed into two triangular sub-lattices A (Black atoms) and B (white atoms),
shifted by the carbon-carbon distance a0. The lattice vectors a1 and a2 span the primitive
cell. Right: Graphene in reciprocal space with reciprocal lattice vectors b1 and b2. The
1st Brillouin zone is hexagonal with six points at its corners, but only two points K and
K′ are unique.

To grasp the origins of the electrical properties of graphene, and indeed any crystal,
one must first study the underlying crystal structure. The graphene lattice in real and
reciprocal (momentum) space can be seen in Figure 2.1. The real space unit cell can be
described by lattice vectors:

a1 =
3a0

2
x̂ +

√
3a0

2
ŷ

a2 =
3a0

2
x̂−
√

3a0

2
ŷ

(2.1)

The distance between adjacent carbon atoms is a0 = 1.42 Å, and the lattice constant
|ai| = a =

√
3a0 = 2.46 Å. The hexagonal lattice can be decomposed into a combination of
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two identical triangular sub-lattices A and B. Each sub-lattice contributes one carbon atom
respectively to the primitive cell. As will become evident later, the symmetry between the
two sub-lattices permeates all of the electronic properties of graphene. Graphene owes
its 2D planar structure to sp2 hybridization of orbitals between carbon atoms. Three
out of the four valence electrons in the carbon atom are occupied by covalent σ-bonds
with adjacent atoms, resulting in strong in-plane stability of the lattice. The last valence
electron joins its peers from other carbon atoms, and together they create an aromatic
π-bond which spans the entire graphene sheet. This is the delocalized electron cloud
which forms the valence and conduction bands in graphene.

The reciprocal lattice vectors b1 and b2 span the 1st Brillouin zone (BZ). They can
be constructed by biaj = 2πδij , where δij is the Kronecker delta. In the corner of the
hexagonal BZ there exist six points, but only two K and K′ are nonequivalent points,
and they are related to sub-lattices A and B. The four different reciprocal vectors are:

b1 =
2π

3a0
x̂ +

2π√
3a0

ŷ

b2 =
2π

3a0
x̂− 2π√

3a0

ŷ

K =
2π

3a0
x̂ +

2π√
33a0

ŷ

K′ =
2π

3a0
x̂− 2π√

33a0

ŷ

(2.2)

One simple way to derive the electronic band structure of graphene is to use a tight-
binding approach. The idea behind the model is to only take into account interactions
between nearest-neighbor carbon atoms. Assuming that the electrons are tightly bound
to the nucleus, their wave functions can be expressed as a linear combination of atomic
orbital functions. The full tight-binding derivation can be seen in Appendix B.2. The
resulting tight-binding band structure is:

Ek =
ε0 ± γ0 |f(k)|
1± s0 |f(k)| (2.3)

|f(k)| =
√

3 + 2 cos(ka1) + 2 cos(ka2) + 2 cos(ka1 − ka2). (2.4)

The band structure equation contains the three tight-binding parameters ε0, γ0 and
s0. They can be determined by experimentally measuring the Fermi velocity or from
ab initio calculations. When considering only strictly nearest-neighbor interactions, the
self-energy is commonly set to zero ε0 = 0. This results in the valence and conduction
bands crossing at the K point. The hopping energy is usually γ0 ≈ −3 eV based on fits
to experimental data and first-principle calculations [30]. The overlap integral s0 relates
to the asymmetry between conduction and valence bands, and can be ignored at lower
energies s0 = 0. Finally, the low-energy band structure for graphene, as shown in Figure
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2.2, is expressed as:

Ek = ±γ0 |f(k)| =
√

3 + 2 cos(ka1) + 2 cos(ka2) + 2 cos(ka1 − ka2) =

± γ0

√
3 + 2 cos(

√
3a0ky) + 4 cos(

3a0

2
kx) cos(

√
3a0

2
ky)

(2.5)

Where kx and ky are the x̂ and ŷ components of the wave vector respectively. The
energy is zero only at K or K′, where the valence and conduction bands meet.

Figure 2.2: Left: Band structure of graphene calculated using the nearest-neighbor tight-
binding model. Tight-binding parameters are set to ε0 = s0 = 0 and γ0 = −3 eV. The
valence and conduction bands meet at six points in the reciprocal space and the dispersion
relation is linear in the low energy regime |E| < 3 eV. Right: Top-down view of the band
structure. Six points exist at zero energy (yellow/green color) and mark the corners of the
1st BZ.

To see the characteristic linear dispersion relation of graphene, Equation 2.5 can be
transformed using Taylor expansion around the K points by using k = K + q with
|q| � |K|. Ignoring any higher order terms O = q2/K2 leads to the linear dispersion:

Ek = ~vF |q| (2.6)

Here vF is the Fermi velocity vF = 1
~
∂E
∂k = 3γ0a0/2, which is approximately vf ≈

106 m/s [8]. The resulting linear dispersion relation close to the K point parallels the
behavior of ultra-relativistic particles with zero rest mass, like photons for instance. The
energy momentum relation E2 = |p|2 c2 +m2c4 reduces to E = c |p| = ~c |k| for massless
particles, which is identical to that of graphene. For massless particles, the Schrodinger
equation reduces to the 2D Dirac equation, which is used when dealing with massless
Dirac fermions. This is the reason why the K points are called Dirac points in graphene.

The linear dispersion forms a conical shape, or a Dirac cone, in the reciprocal space.
The density of states (DOS) can be calculated by considering states living on an annulus
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on the cone, with radius k and thickness dk. The the area of the annulus, divided by the
area of one state, is precisely the DOS. The area of the annulus is 2πkdk and the area of
one state in reciprocal space is (2π/L)2, where L is some unit length. Including a factor
of 2 for spin degeneracy and a factor of 2 for the two Dirac cones for K and K′ (valley
degeneracy), the number of states is N = 2kdkL2/π. The linear dispersion of graphene
means that dE/dk = ±~vF , and therefore kdk = |E|dE(~vF )2. Finally the DOS per unit
area L2 is:

DOS(E) =
2|E|

π(~vF )2
(2.7)

The DOS is linear with energy and is zero at the Dirac point. In theory this means
that graphene should have a large resistance at the Dirac point, because there are no
available states for charge carriers to occupy. In practice, for real graphene samples there
are factors such as spatial charge disorder which complicate this picture. There is always
some residual charge carrier density, and experiments at the Dirac point always show
finite resistance. The resistance values in literature can vary, and the maximum resistance
of graphene at the Dirac point is still somewhat controversial, with different theories
predicting different values [31]. Of note is that for epigraphene studied in this thesis the
maximum resistivity is on the order of ∼ h/e2 at T = 2 K.

The relatively low DOS allows for the tuning of the carrier density in graphene, and the
absence of a band gap allows for a transition between electron (n-type) and hole (p-type)
dominated transport. Close to neutrality and at finite temperatures, both electrons and
hole coexist and contribute to the transport (ambipolar transport).

The Fermi energy can be calculated from the expression of the DOS. Summing up all
the occupied states, above zero energy, gives the the carrier density n (number of carriers
per area):

n =

∫ ∞
0

DOS(E)f(E)dE (2.8)

For simplicity, the temperature can be assumed to be zero, in which case the Fermi
distribution f(E) turns into the Heaviside step function (=1 for energies below EF , zero
otherwise), and the upper energy limit of the integral becomes the Fermi energy EF . The
integration is now trivial and the carrier density is:

n =
E2
F

π(~vF )2
(2.9)

In other words, the Fermi energy depends on the square root of carrier density:

EF = ~vF
√
πn (2.10)

2.2 Epitaxial Graphene

The term epitaxy refers to crystal growth where new crystalline layers are formed in
a well-defined manner with respect to the crystalline substrate. The etymology of the
word epitaxy has roots in the Greek language where ”epi” means ”above” and ”taxis”
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means ”an ordered manner”. Epigraphene grows bottom-up from the SiC substrate, and
it forms a monocrystalline layer with a well-defined orientation with respect to the SiC
substrate. One defining feature is the presence of an insulating buffer layer, which grows
before the first monolayer of epigraphene forms. Due to strong interactions with both
the SiC substrate and buffer layer, the properties of epigraphene are altered. There are
especially significant changes to the electrical properties, which are very relevant for device
applications. This section begins with a brief introduction to the crystal structure of SiC
and how epigraphene grows on top of it, and ends with a summary of the advantages and
drawbacks of epigraphene in the context of electronic devices.

2.2.1 Growth on Silicon Carbide

Figure 2.3: A side-view schematic representation (not to scale) of monolayer epigraphene
grown on SiC, including the interface buffer layer [32]. The white circles and black circles
represent Si and C atoms respectively. The approximate distance between the different
surfaces are shown. The buffer layer interacts strongly with the substrate through covalent
bonds, and is therefore insulating. The dangling bonds from the SiC substrate also affect
the layers above. Note that the buffer layer and epiraphene obey A-B stacking.

As the name suggests, SiC is a crystal which consists entirely of Si and C atoms. The
crystal structure of SiC can be imagined as consisting of layers of Si-C atoms bonded in
a tetrahedral manner, as seen in Figure 2.3. There exist a plethora of polytypes of SiC,
but the ones most commonly used for growth of epigraphene are the hexagonal polytypes
4H-SiC and 6H-SiC, shown in Figure 2.4. The first number describes the number of
layers of Si-C pairs (also known as a Si-C bilayer) in the unit cell, and the letter H
indicates that the crystal symmetry is hexagonal. Historically, the growth of epigraphene
has been optimized primarily for the hexagonal polytypes 6H-SiC or 4H-SiC. These SiC
substrates are electrically insulating at room temperature, with ∼ 3 eV bandgap. While
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Figure 2.4: A two-dimensional schematic representation of the crystal structure of polytypes
6H-SiC (left) and 4H-SiC (right) [33]. The white circles represent Si atoms while the
black circles represent C atoms. The layer stacking sequence is ABCACB and ABCB for
6H-SiC and 4H-SiC respectively. Left: For 6H-SiC, the letter h1 represents the atom sites
with hexagonal bonds, while k1 and k2 represent sites with two nonequivalent cubic bonds.
This means that 6H-SiC has one third hexagonal bonds with the rest being cubic, but the
crystal overall is still hexagonal. Right: For 4H-SiC, the letter h represents hexagonal
bonds while k represent cubic bonds. 4H-SiC has equal parts hexagonal and cubic bonds.

the hexagonal crystal structure is relatively commensurate with the graphene lattice, the
lattice mismatch of ∼ 20 % [34] is not insignificant. The resulting compressive strain on
epigraphene can for instance be observed in Raman spectroscopy [35]. The reason behind
the extensive use of hexagonal SiC is simply because high-quality single-crystal substrates
are commercially available. High-quality large areas wafers are sold at a moderate price,
which is still steadily decreasing as technology progresses. In fact, the cubic polytype
3C-SiC may prove to be a more suitable substrate for epigraphene, especially since
epigraphene can be grown without buffer layer and lower strain [36]. However, cubic SiC
is not industrially available and the growth process is not as well-understood. The work
in this thesis focuses solely on 4H-SiC.

The polar SiC crystal has two types of surface terminations: Si atoms (Si-face) or C
atoms (C-face). The Si-face is typically used for growth of monolayer graphene, due to the
slower and more controlled growth kinetics [11, 37]. In contrast, the growth process on the
C-face readily results in multi-layered patchy graphene films [38]. The Si-face is therefore
preferred for applications which demand graphene of high electronic quality, like for
QHR standards reliant on the QHE. The growth process of epigraphene utilizes thermal
decomposition of the SiC substrate. When subjected to sufficiently high temperatures,
the Si-atoms sublimate and leave behind a carbon rich surface layer, which upon further
heating eventually forms into epigraphene. The first graphene-like layer which forms is
electrically insulating and is referred to as buffer layer, 0-layer, or interface layer. The
reason it is different from conductive epigraphene is that approximately 30 % of the carbon
atoms form covalent bonds to the SiC substrate [39], thus destroying the conducting

14



Figure 2.5: A schematic representation of the SiC crystal, including the three lattice
vectors a1, a2, and a3. The image is drawn from the perspective of looking down on the
Si-face, which has crystal plane (0001) in Miller-Bravais indices. The inset shows a sheet
of epigraphene (not to scale) which has a 30 ◦ rotation with respect to the SiC crystal.
The two perpendicular crystal directions of SiC point toward the armchair [11̄00] or zigzag
[112̄0] edges of epigraphene.

π bands. Only starting from the second layer does an actual conducting monolayer of
epigraphene appear (see Figure 2.3). Further growth of three or more layers is heavily
suppressed once the buffer and first monolayer cover the SiC surface. This self-limiting
effect makes uniform growth of bilayer epigraphene challenging.

Figure 2.5 shows the crystal structure of 4H-SiC and how it relates to epigraphene.
Note that while the buffer layer grows similarly as epigraphene with 30 ◦ rotation w.r.t.
SiC, it creates a large superstructure with 6

√
3× 6

√
3 reconstruction. Buffer, monolayer

epigraphene, and subsequent epigraphene layers commonly obey Bernal stacking (A-B).

2.2.2 Carrier Density Control

While epigraphene retains most of its unique electrical properties, such as the Dirac
spectrum, interactions with the substrate do influence some properties. Due to their
proximity (∼ 3 Å), the epigraphene layer is heavily influenced by the buffer layer. For
instance, the buffer layers acts as a high DOS charge donor and is responsible for the high
intrinsic n-doping of epigraphene, which is observed to be on the order of n ≈ 1013 cm−2.
Additionally, the high density of states acts like charge traps and effectively pins the Fermi
level of epigraphene in place, severely reducing the efficiency of charge carrier density
tuning attempts [15]. The pinning is so strong that it can decrease the effective gate
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capacitance of electrostatic gating by over 90 %. The SiC substrate also plays a crucial
role in the aforementioned doping effects due to dangling bonds on its surface [40]. For
both practical applications and theoretical studies, it is desirable to combat the influence
of the substrate in order to be able to freely tune the carrier density of epigraphene. The
practical realization of QHR standards, which desires to observe the QHE at moderate
magnetic fields (< 5 T, 4 K) [19], is but one example of an application which requires
doping control. The aforementioned problems make the plain electrostatic top-gate highly
inefficient for epigraphene. A back-gate is even more impractical since the SiC substrate
is too thick (∼ 300µm) to be a dielectric.

There exist a few other methods which can be used to control the carrier den-
sity. One alternative is to use photo-chemical gating, which coats epigraphene with
poly(methylstyrene-co-chloromethylacrylate), also known as ZEP520A, which is a com-
mon resist used for lithography. Upon exposure to UV light ZEP functions as an electron
acceptor and causes epigraphene to become more p-doped. This method is stable and
reliable, but lacks the potency to consistently bring epigraphene to charge neutrality.
Another more potent method is corona discharge of ions [41]. A piezo-activated anti-static
gun can be used to ionize air, which deposits charged ions on PMMA covered epigraphene.
The method is potent, for both n and p-doping on epigraphene, but lacks stability at
ambient conditions since the ions remain mobile. The molecular doping method based
on acceptor molecules F4TCNQ presented later in this thesis aims to solve all of these
problems.

While the aforementioned substrate interactions makes it difficult to access the Dirac
point in epigraphene, the charge transfer processes comes with one advantage. In practice
it has a positive side-effect on the robustness of the quantum Hall plateau, making it
extended in a wide magnetic field range. In essence, the charge transfer process leads to a
magnetic field dependent charge carrier density in graphene, which consequently prolongs
the RXY = h/2e2 plateau, with experiments showing the plateau enduring up to 50 T
[20]. One way to imagine this effect is that both the carrier density, and subsequently the
Fermi energy, oscillates with magnetic field due to charge transfer [42]. For instance, when
the Fermi energy is at a value where there is no resistance plateau, the carrier density
decreases due to charge transfer to the substrate, effectively making the resistance plateau
start at a lower magnetic field than normal. As the magnetic field increases further, the
Fermi energy of graphene moves to a value which corresponds to a resistance plateau, and
the carrier density then starts to increase due to substrate donors, effectively shifting the
end of the resistance plateau to a higher magnetic field. The combination of both effects
makes the resistance plateau extended in both low and high field directions.

2.3 Magnetotransport

The Drude model provides a simple classical model of the transport of electrons through
a crystal. The electrons can be considered to be independent particles moving around like
gas molecules. Electrostatic interactions with surrounding electrons and lattice ions can
be simplified and bundled into an average effect, which can be encapsulated by replacing
the mass of the electron with an effective mass m∗. An electron can then be considered
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to move about like a free electron, but with an effective mass. It can travel freely across
the crystal lattice until it encounters an obstacle, for example an ion, and the resulting
collision leads to an instantaneous change of momentum and the electron is scattered.
The average distance traveled before a collision is referred to as the mean free path `.
Scattering processes play a crucial role in determining the material properties, for instance
it is through these collisions that electrons can reach thermal equilibrium with their
surroundings.

Magnetic and electric fields can both affect the motion of electrons, and this interaction
forms the basis for magnetotransport measurements. The resulting force due to external
fields is called the Lorentz force, and can be expressed as Equation 2.11, where q is the
charge (−e for electrons, +e for holes), E is the electric field (vectors are bolded), B is
the magnetic field, and vI is the instantaneous velocity.

F = q(E + vI ×B) (2.11)

The equation states that the electric field accelerates electrons parallel the their travel
path, while the magnetic field deflects the electrons perpendicular to both the field and
the velocity direction. For an electron traveling in a 2D system, an external out-of-plane
magnetic field will therefore bend the path of the electron into a circular trajectory. Under
the influence of the Lorentz force (or any force), electrons also experience collisions at a
rate of 1/τ , were τ = `/v is time between scattering events. For the electrons which suffer
from a collision, the total effect of their individual scattering events can be approximated
by adding a frictional damping force Ffric = −m∗v/τ to Equation 2.11. One way to
understand this term is to look at how the average momentum of an electron p(t) changes
after an infinitesimal increment in time dt. Out of the total electrons N , a fraction
amounting to N dt

τ will have collided during this time. They acquire randomly distributed
velocities due to random scattering, leading to zero average momentum. The remaining
undisturbed electrons N(1− dt

τ ) will have endured the Lorentz force F(t) in the meantime
(dt) and changed their momentum accordingly. The average momentum of all electrons is
then:

p(t+ dt) ≈ (1− dt

τ
)(p(t) + F(t)dt)

dp(t)

dt
= −p(t)

τ
+ F(t)

(2.12)

In summary, the scattering process is treated as a damped movement of a electrons in
an external field. This scattering will eventually bring the system into thermal equilibrium,
and the electrons will have acquired an average drift velocity v. This is the net velocity
resulting from the external influence of Lorentz and other forces. In contrast, electrons will
normally move around in a random fashion at the Fermi velocity vF . The drift velocity
under the influence of Lorentz forces, with damping, follows from Newton’s equation
F = ma as:

q(E + v ×B)−m∗v
τ

= m∗(
dv

dt
) (2.13)
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For simplicity consider only the steady state situation where dv/dt = 0. Then the
solutions in the 2D plane (x-y plane), with a perpendicular out-of-plane magnetic field
(z-direction, see e.g. Figure 2.6), are given by solving:

0 = −eEX − eBvY −m∗
vX
τ

0 = −eEY + eBvX −m∗
vY
τ

(2.14)

The subscripts X and Y denote the direction along x or y-axis respectively. Because
the current density J is given by the drift velocity as J = qnv were n is the carrier density,
Equation 2.14 can be written:

σ0EX = ωcτJY + JX

σ0EY = −ωcτJX + JY
(2.15)

The factor σ0 = ne2τ/m∗ corresponds to the DC Drude conductivity in the absence
of magnetic fields. The cyclotron frequency ωc = eB/m∗ describes how quickly electrons
complete one looped path (cyclotron orbit) due to an external magnetic field. Without the
magnetic field dependent term, Equation 2.15 simply reduces to the familiar Ohm’s Law
E = J/σ0. The conductivity can also be expressed as σ0 = enµ, where the carrier mobility
µ = eτ/m∗ is a proportionality constant which describes how much an electrical field
affects the drift velocity v = µE. A higher mobility figure is correlated with low scattering
rate, which in general means that the material is of higher quality. For instance, a pristine
material with fewer defects, i.e. fewer scattering centers, will yield a comparatively high
mobility figure in contrast to a ”dirty” material.

Equation 2.15 can be expressed in matrix form as:

E = ρJ =

(
ρXX ρXY
−ρXY ρY Y

)
J = σ−1

0

(
1 ωcτ
−ωcτ 1

)
J (2.16)

The longitudinal resistance is defined as RXX = VX/IX (see Figure 2.6). It is typically
more illuminating to consider the geometry independent sheet resistance or resistivity ρ,
which in the longitudinal case is ρXX = RXXW/L where W is the width of the material
and L the length. In the transverse case ρXY = RXY = VY /IX , the resistance and
resistivity are one and the same. The conductivity tensor is the inverse of the resistivity
tensor:

σ =
σ0

1 + ω2
cτ

2

(
1 −ωcτ
ωcτ 1

)
(2.17)

The conductivity, under the influence of a magnetic and an electric field, is then:

σXX =
ρXX

ρ2
XX + ρ2

XY

σXY =
−ρXY

ρ2
XX + ρ2

XY

(2.18)
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2.3.1 Single Band Hall Effect

Figure 2.6: Schematic representation of a typical 2D sample geometry (Hall bar), with
width W and length L, used to measure the Hall effect. As current passes from one
end to the other, a longitudinal voltage VX develops. If a magnetic field B is applied
perpendicular to the plane, charges accumulate on one side of the Hall bar and an internal
electric field EH appears. At equilibrium, the force from the electric field balances out the
force from the magnetic field, and carriers are no longer deflected. The measured resulting
transverse voltage VY is the Hall voltage.

Figure 2.6 provides a schematic representation of an electron traveling along a rectan-
gular 2D conductor (Hall bar) in the x-direction (longitudinal). When it is subjected to
an external magnetic field B applied perpendicular to the plane, the electron is deflected
to one side of the Hall bar due the magnetic component of the Lorentz force. This
eventually leads to separation of charges and a build-up of a net charge across the Hall
bar width, which leads to the development of an internal electric field EH . This field gives
rise to an counteracting electrical component of the Lorentz force, which at equilibrium
exactly cancels the magnetic force, and no more electrons are deflected to the side. In
this equilibrium state the resulting voltage VY is then called the Hall voltage. To find out
the expression for the Hall voltage, recall there is no longer any current in the y-direction
(transverse) in equilibrium, which means JY = 0 in Equation 2.15:

σ0EY = −ωcτJX
EY = −ωcτ

σ
JX = − 1

ne
JXB

(2.19)

Rewriting the above question in terms of the so called Hall coefficient RH = EY /JXB
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leads to:

RH = − 1

ne
(2.20)

In practice, the Hall coefficient is calculated from measurements as RH = dRXY /dB.
Equation 2.20 is commonly used for low-field measurements, where RXY is linear with
magnetic field, in order to calculate the charge carrier density n of a certain material.
Additionally, the sign of RH also reveals if the electrical transport is dominated by electron
or hole carriers, assuming that the direction of current and magnetic field is known. A
Hall measurement can also determine the carrier mobility µ:

µ =
σ0

en
=
|RH |
ρ

(2.21)

2.3.2 Two Band Hall Effect

Since graphene is a zero band gap semi-metal, the absence of forbidden states in the
band structure enables continuous tuning from hole to electron dominated transport [7].
It also means that there are in principle no forbidden excitations, and both electrons
and hole can contribute to the current. This behavior is called ambipolar transport, and
it is well-known for field-effect transistors used in the semiconductor industry. When
graphene is very close to charge neutrality, ambipolar transport may occur either because
of thermal excitations, which is present for any finite temperature due to zero band gap,
or the presence of spatial charge disorder which creates regions of p-doping and n-doping
(charge puddle regime) [43].

By taking into account both electrons and holes in the ambipolar regime, the Hall
coefficient RH becomes:

RH = −1

e

neµ
2
e − nhµ2

h

e(neµe + nhµh)2
(2.22)

Where ne, µe and nh, µh denote contributions from electrons and holes respectively.
The effective carrier density is:

neff =
e(neµe + nhµh)2

neµ2
e − nhµ2

h

(2.23)

The longitudinal sheet resistance ρXX is:

ρXX =
1

e(neµe + nhµh)
(2.24)

When graphene is at charge neutrality and the Fermi energy is zero, the number of
thermally excited electron and hole carriers is identical ne = nh > 0. The effective charge
carrier density can then be reduced to neff = βne with the coefficient dependent on the
mobility ratio between carriers β = ( ueuh + 1)/( ueuh − 1). For electron-like behavior the ratio
is positive β > 0 and vice versa for hole-like behavior β < 0.
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Not only do thermal excitations give rise to excess carriers, but in a real sample there
also exist spatial charge fluctuations due to disorder. In graphene these spatial variations
are called charge-puddles. If the charge disorder is modeled by a Gaussian probability
distribution in real space, then the charge carrier density for charge neutral graphene can
be expressed as [31]:

ne(T ) = nh(T ) =
2

π(~vF )2

[
s2

4
+

(πkBT )2

12

]
(2.25)

Here the disorder strength is characterized by s (units of energy) [44]. Note that it is
assumed that the disorder strength s and mobility ratio β are constant in the relevant
temperature range. The above equation provides a way to experimentally estimate the
disorder strength for charge neutral graphene.

Ambipolar transport is normally not necessary to take into account, especially at
cryogenic temperatures and for highly doped graphene. At high doping levels, the large
Fermi energy acts like a potential barrier which suppresses the excitation of minority
carriers and the electrical transport behaves approximately the same as for the single band
case. How high the carrier density needs to be is dependent on the sample temperature.
For example, at very low doping levels of n = 1× 1010 cm−2, the corresponding energy
according to Equation 2.10 is EF = 12 meV. In comparison, the thermal energy kBT at
cryogenic temperatures of 2 K is only 0.2 meV. The Fermi-Dirac distribution f(E) =
1/(e(E−EF )/kBT + 1) states that the probability of finding an occupied state at 1 meV
above the Fermi energy at 2 K is < 1 %, and EF = 13 meV corresponds to only n =
1.2× 1010 cm−2.

2.3.3 Integer Quantum Hall Effect

According to Equation 2.16, the transverse resistance RXY is always linear with magnetic
field while the longitudinal resistance RXX remains constant. However, in practical
experiments with graphene this behavior can be different for high magnetic fields and low
temperatures. In some 2D systems with high carrier mobility, low-temperature measure-
ments at high magnetic fields lead to observations of quantum mechanical phenomena
such as Shubnikov-De Haas oscillations and quantum Hall effect (QHE). Shubnikov-De
Haas oscillations appear as oscillations in longitudinal resistance RXX with a periodicity
determined by 1/B [45]. The QHE on the other hand manifests itself as zero longitudinal
resistance RXX and quantized transverse resistance RXY . The transverse resistance
values are determined solely by two fundamental constants: the Planck constant h, and
the elementary charge e. These quantized values of resistance are integer fraction of the
von Klitzing constant RK = h/e2, and form plateaus of constant resistance at different
magnetic fields. While RXY is quantized, the longitudinal resistance vanishes RXX = 0
(Figure 2.7).

Both of these phenomena share the same origin. At high enough magnetic fields the
electron cyclotron orbits become quantized and the electronic DOS of 2D systems transform
into Landau levels (LLs). The LLs are formally derived by solving the Schrodinger equation
for free electrons in an external magnetic field. See Appendix B.1.1 for more details.
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In essence, the quantum Hall Hamiltonian is almost identical to the quantum harmonic
oscillator, and it is known that the eigenenergies for any quantum harmonic oscillator is:

En = ~ωc(N +
1

2
), N ∈ N0 (2.26)

This means that the energy spacing between two LLs is equidistant.
One difference is that the position of the energy minimum is shifted from the ideal

quantum harmonic oscillator on the order of lB =
√

~
eB , where lB is the magnetic length.

It is the characteristic length scale for quantum interactions in a magnetic field, and it
is closely related to the minimum radius of cyclotron orbits, limited by the Heisenberg
uncertainty principle. The energy eigenfunctions are in fact localized on the order of the
magnetic length lB along the width of the Hall bar, while being completely extended
along its length. This predicts the existence of elongated states along the length of the
Hall bar, which turn out to be the edge states explored at the end of this section (Figure
2.8).

Since the eigenenergies are independent of momentum, the LLs are therefore highly
degenerate and contain many states in each level. For a given carrier density n, the
number of filled LLs is given by the filling factor ν = n/nL, where nL the number of
electrons required to completely fill one level. An upper bound of the degeneracy can be
estimated by assuming that each localized electron in the LL encircles a single quanta
of magnetic flux Φ0 = h/e, which is the minimum possible flux. Then the number of
electrons in the LL, per unit area A, depends on the external flux density (magnetic field)
as nL = B/Φ0.

The degeneracy of LLs can be used to calculate the quantization of the transverse
resistance RXY . Recall that the Drude model and Equation 2.20 states the transverse
resistance is dependent on the charge carrier density RXY = B/ne. Simply inserting
n = νnL = νB/Φ0 yields:

RXY =
h

νe2
, ν ∈ Z (2.27)

In practice, for experimental observations of the QHE the charge carrier density can
be kept constant while the magnetic field is changed, as seen in Figure 2.7. Alternatively,
measurements can be performed at a fixed magnetic field, while the charge carrier density
is tuned by an electrostatic gate for instance. In the case of constant carrier density, as
the magnetic field is increased the energy spacing between LLs grow and the higher LLs
are emptied. As each one is emptied the transverse resistance increases. The quantized
value of resistance expressed in Equation 2.27 are in principle achieved only when exactly
ν LLs are filled. However, it is experimentally observed that even when the Fermi energy
lies between two LLs, resistance plateaus can still exist. These extended plateaus are
attributed to broadening of the LLs due to disorder, which is omnipresent in real samples.
If the disorder is small enough as to not cause overlap of LLs, the QHE plateaus can
occur in between levels. For a pristine sample, the LLs are in theory represented by delta
functions, i.e. sharp spikes, in the DOS and no plateaus exist. However, the presence of
disorder broadens the LLs in energy, and this creates so-called localized and extended
states inside each LL. The difference is that the localized states do not contribute to
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electrical conduction, while the extended states do. The extended states live closer to the
center of the LLs, while the localized states exist on either side. As the magnetic field is
swept and the Fermi energy moves between one level to another, the localized states are
affected (emptied/filled) first, and since they do not affect conduction, there is a constant
resistance plateau in magnetic field.

Figure 2.7: Left: Schematic representation of the evolution of transverse resistance RXY
and longitudinal resistance RXX under the influence of a magnetic field B. At low B,
classical Hall effects yields linear RXY and constant RXX . As B increases, RXY develops
resistance plateaus while RXX decreases towards zero at each plateau. At small B, the
quantization is imperfect because the energy overlap between LLs is still too large. For
higher B the system enters fully into the regime of QHE, with exactly quantized plateaus
and zero longitudinal resistance. As B is increased further, the lower energy LLs are
successively emptied leading to further steps in RXY and oscillating peaks in RXX Right:
Schematic representation of the LL DOS with broadening due to sample disorder. The red
regions denote localized states and the green regions are the extended states. The energy
spacing and degeneracy of the LLs increase as B does. Assuming fixed Fermi energy, the
consequence is that more and more LLs are emptied with increasing B. The Fermi energy
can be seen as sweeping through LLs as B is changing. The plateau in RXY and zero
resistance RXX both occur when the Fermi energy sits somewhere in the localized states,
between two extended states. The slope in RXY and peak in RXX both occur when the
Fermi level passes through the extended states in the center of a LL.

The spatial location of localized and extended states are important to understand
when trying to explain why ρXX = 0 in the QHE regime. The existence of edge states can
be seen by considering a real Hall bar sample, which necessarily has finite dimensions and
edges at the boundary, as depicted in Figure 2.8. For simplicity, consider only the spatial
variation of the potential V (x) in one dimension, across the width of the Hall bar. In the
ideal of case of no disorder, the energy of LLs lie flat in the bulk and rise steeply at the
edges, similar to the confining walls of a potential well. It is this confinement potential
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which gives rise to edge states. See Appendix B.1.2 for a more detailed derivation.

Figure 2.8: Schematic representation of the conducting chiral edge states and insulating
bulk states in QHE regime. Left: Top-down view of a Hall bar with the directions of chiral
edge currents (green) and localized bulk currents (red). Right: Spatial variation of the
potential in QHE regime, where each line represents one LL. In the ideal case the potential
lies flat inside the sample due to absence of disorder. The potential increases rapidly near
the sample edges to model that the Hall bar confines the electrons. The location of the two
edge states (green) and the localized bulk states (red) are determined by the drift velocity,
which is related to the spatial derivative of the potential.

In short, the addition of a confinement potential alters the eigenenergies to become
dependent on the momentum and lifting the degeneracy of LLs. Importantly, since the
drift velocity is defined as vy = 1

~
∂En
∂k there is also now a finite drift velocity. The drift

velocity on opposite edges (x or -x) of the Hall bar point in opposite y-directions. In total,
this means that there exist localized edge states with chiral edge currents parallel to the
y-direction. They are chiral because the flow direction of the edge current is locked to the
edge it propagates along, and the flow direction is reversed for the opposite edge. The
chirality is flipped only if the magnetic field direction is flipped. Since the direction of
travel is fixed for the edge states, back-scattering is suppressed and results in ρXX = 0
in QHE regime. The bulk on the other hand has zero drift velocity due to a constant
potential, and can be thought of consisting of localized states which isolate the two edge
channels from each other. Note that the general picture of edge states still holds true even
if the potential in the bulk is has spatial variations due to disorder, like in real samples.
This is however only the case for small variations, which do not cause the energies of
LLs to overlap. Furthermore, the general picture also holds for a wide range of edge
confinement potentials, including a more realistic smooth potential [46, 47].

In the semi-classical picture, the formation of these edge states and bulk states can
only occur if the electron can complete a few cyclotron orbits before being scattered.
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This imposes practical restrictions on experimental observations of the aforementioned
quantum phenomena. The necessary, but not sufficient, condition which must be met is
ωc � τ−1 or equivalently B � µ−1. In other words, to experimentally observe QHE at
reasonably low magnetic fields, the carrier mobility needs to be high enough. For reference,
if the mobility exceeds µ = 10 000 cm2/Vs, the QHE can occur already at B = 1 T, which
is readily achievable with a strong rare-earth permanent magnet. This condition affects
practical applications of epigraphene QHR standards in terms of demanding high sample
quality, but also control over carrier density. Generally it is observed that the mobility
increases as carrier density decreases, thus it is advantageous to be able to lower the
carrier density, especially for epigraphene with its high intrinsic n-doping.

2.3.4 Half-integer Quantum Hall Effect

The physics of graphene near the Dirac points is described by the Dirac equations, and
it is special due to the effectively massless Dirac fermions. These properties impact the
physics behind the cyclotron motion of graphene carriers [8, 48] and the cyclotron orbit
becomes:

ωc =
√

2
vF
lB

= vF
2eB

h
(2.28)

The LL spectrum of graphene can be obtained by solving the Dirac equation in the
presence of a magnetic field [27–29]:

E = ±~ωc
√
N = vF

√
2~eBN,N = 0, 1, 2... (2.29)

The LLs of graphene are very different from conventional 2D systems. For instance,
the energy spacing is no longer equidistant and scales as ∆E ∝

√
B instead of linearly

with B. Furthermore, an additional factor of 2 is added to the degeneracy of each LL due
to the valley degeneracy (K and K′). Lastly, a new LL has appeared at zero energy, which
is shared by the two valleys and is only spin degenerate. Consequently, the resistance
plateaus in RXY are altered. The number of electrons required to fill a single LL in the
case of conventional 2D systems is B/Φ0 per unit area. For instance, this is typically the
case for conventional 2DEGs like GaAs, which do not commonly display spin degenerate
LLs. Adding the spin and valley degeneracy, each filled LL in graphene instead contains
4B/Φ0 electrons. The zero energy LL is the sole exception and only fits 2B/Φ0 electrons.
By summing the electrons from N completely filled LLs above zero energy, the charge
carrier density for graphene is:

n = N
4eB

~
+

2eB

~
=

4eB

~
(N + 1/2) (2.30)

Note that N = 0 means that only the zero energy LL is filled. Inserting the above
expression for into the equation for the transverse resistance:

RXY =
B

en
=

h

4e2(N + 1/2)
(2.31)
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Figure 2.9: Right: Schematic representation of the transverse resistance RXY and
longitudinal resistance RXX for graphene in QHE regime. The unique series of filling
factors is a fingerprint of monolayer graphene and its Dirac nature. Left: Schematic
representation of the LL energy spectrum for graphene. Graphene has a relatively large
energy spacing between the 1st and 0th LL, and variable energy spacing between adjacent
LLs.

The result is that instead of resistance plateaus appearing at integer multiples of
h/e2, graphene has quantized values equal to half-integer multiples of h/4e2. In terms of
quantized resistance h/νe2, graphene has the progression of filling factors ν = 2, 6, 10, 14...
instead of the conventional ν = 1, 2, 3, 4.... The half-integer QHE is an identifying finger-
print for graphene, and its Dirac nature. The experimental observation of these special
filling factors is an unequivocal proof that the sample under study is indeed monolayer
graphene. The LL energy spacing of graphene is not only theoretically interesting, but it
is also advantageous for practical applications. One beneficial feature is the particularly
pronounced energy spacing between the 0th LL and 1st LL. For QHE observations, this
means that the plateau ν = 2 and RXY = h/2e2 can be seen at lower fields and higher
temperatures than in conventional 2DEGs such as GaAs. For comparison, at B = 1 T
graphene LLs have over 20 times greater energy spacing between the 0th LL and 1st
LL than in GaAs-based 2DEGs. This uniquely large energy spacing has enabled the
observation of QHE in graphene even at room temperature [49].
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2.3.5 Quantum Corrections to Classical Resistance

Continuing the trend of looking at quantum transport, there are some additional cor-
rections to the classical Drude model which are relevant for this thesis. Each scattering
process correspond to some relaxation rate 1/τ in the Drude model, and different scat-
tering processes sum together (Matthiessen’s Rule) to affect the final resistance. The
scattering rates increase with temperature (higher velocity and carrier density), and the
Drude model therefore predicts a monotonously decreasing resistance with decreasing
temperature.

Figure 2.10: Left: A schematic representation of self-intersecting paths. The electrons scat-
ter between the impurities (black dots) and can take either clockwise or counter-clockwise
paths. Its wave-nature causes interference between the two time-reversal symmetric paths,
and gives rise to weak-localization effects which increase resistance. Right: The influence
of quantum interference in epigraphene is encircled by the black dotted lines. For tempera-
ture dependence of resistance, quantum interference is responsible for increased resistance
at low temperature (logarithmic scaling). This can be due to both weak-localization and
electron-electron interactions. For magnetotransport measued for a different sample, weak-
localization manifests itself as a peak in resistance RXX at zero field. It is suppressed by
the presence of an external magnetic field, which breaks time-reversal symmetry.
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For 2D materials like graphene experiments show an additional increase in resistance
at low temperatures, which is unaccounted for in the Drude model. One of the most
important corrections arises from the wave nature of electrons, which in reality causes
coherent quantum interference effects.

In a real electronic device there exist defects which lead to excessive elastic scattering of
electrons. The electrical conductance of a medium is related to the total probability of an
electron propagating through it, scattering all over along the way. In the classical case, the
total probability of propagation is simply the sum of the probabilities for each individual
scattering path |a2

i | as
∑
i Pi =

∑
i |a2

i |. However, in the quantum mechanical case one
has to take the square of the sum of the quantum-mechanical amplitudes Ai = aie

iΦ of
the paths instead [50]. The total transmission probability is:

PT = |
∑
i

Ai|2 =
∑
i

Pi + 2Re
∑
ij

A∗iAj (2.32)

The first term is the classical probability contribution, and the second term is the
quantum mechanical interference term between two paths i and j. There is no special phase
correlation for random paths, and the average effect of interference is zero due to averaging
scattering events with random phases. However, for certain paths, such as self-crossing
ones where Ai = Aj , the interference terms contributes to the final probability. Since
these paths form closed loops and obey time-reversal symmetry, their phases are identical
and the total probability becomes PT =

∑
i Pi +

∑
ij aiaje

Φi−Φj =
∑
i Pi +

∑
ij aiaj .

The quantum interference leads to a positive contribution to the probability for self-
crossing paths, which means enhanced back-scattering of electrons and therefore increased
resistance. This phenomena is called weak-localization (WL) and is shown in Figure
2.10. Weak-localization manifests itself in both temperature dependence of resistance
and in magnetotransport. In temperature dependence of resistance, WL is responsible
for the logarithmic increase in resistance at low temperatures. Note the WL is not the
sole source of this increasing resistance, but electron-electron interactions also play a role
[51]. In magnetotransport measurement of the QHE, WL gives rise to a resistance peak
around zero magnetic field. The WL dies out as the field strength is increased, because
the magnetic field breaks the time-reversal symmetry which is required for quantum
interference to survive. The relative amplitude of the quantum correction peak is related
to carrier density, and at lower densities the effect is more pronounced (also true for
lower temperatures). This is due to the relationship between carrier density and phase
coherence length, which typically decreases as the number of carriers increases. The
Coulomb screening also decreases with carrier density, which further favors quantum
interference effects [51, 52]. On a related note, the shape of the peak versus magnetic
field and temperature can reveal a great deal of information about the different scattering
mechanism in the material [51, 53].
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3 Experimental Methods

This chapter describes the fabrication and characterization techniques used to produce
working epigraphene electronic devices. The first section focuses on epitaxial growth of
epigraphene on SiC. It includes information on non-invasive methods which are used to
assess the material quality, such as atomic force microscopy (AFM), optical microscopy, and
Raman spectroscopy. The second section is devoted to microfabrication using lithographic
techniques to pattern epigraphene devices. The third section presents how the acceptor
molecule F4TCNQ can be used to dope epigraphene. The final section deals with DC
electrical characterization techniques, including Hall measurements, van der Pauw, and
precision measurements. Detailed descriptions of microfabrication recipes can be found in
Appendix A.

3.1 Graphene Growth

Graphene can be produced in a multitude of ways, and each growth method has its
strengths and weaknesses. The final properties of graphene depend greatly on the
chosen method, and there is usually a trade-off between quantity and quality. For the
creation of graphene with high electronic quality, the popular methods include: mechanical
exfoliation, chemical vapor deposition (CVD), and epitaxial growth. Mechanical exfoliation
of graphene by cleaving graphite produces in general the highest quality material, but
due to manual labor requirements the throughput is low and the process is not suitable
for real-world applications. CVD utilizes a carbon-rich precursor gas which reacts on a
metallic catalyst substrate to grow graphene over a large scale. This technology is in
principle scalable and the material quality can be high. However, one main drawback
is that CVD graphene needs to be transferred to an insulating substrate before device
fabrication. This is not a trivial process and inevitably results in contamination and
degradation of the material [13]. The preferred method in this thesis is epitaxial growth of
graphene, which utilizes thermal decomposition of an insulating SiC substrate to produce
monocrystalline graphene over in principle an entire wafer [11]. It is advantageous for
device fabrication since one can forgo graphene transfer and directly fabricate devices
on pristine epigraphene fresh from the oven. All work in this thesis has been performed
using epigraphene grown on the Si-face of the hexagonal SiC polytype 4H-SiC. A general
outline of the epitaxial growth process is given below.

It is important to ensure that the surface of SiC is clean and free from defects before
proceeding with growth, since any imperfections will nucleate rapid growth and result in
inhomogeneous epigraphene. The first step is to acquire SiC wafers of the highest grade
possible from commercial suppliers. For ease of handling, the 2-4 inch SiC wafers are diced
into 7× 7 mm2 square chips using a resin bound diamond blade mounted on a dicing saw.
The SiC chips are then thoroughly cleaned using aggressive chemical agents. These chips
undergo the RCA process (See A.2), a staple in the semiconductor industry. Organic
contaminants are removed using ammonia and hydrogen peroxide, oxides are removed
using hydrofluoric acid (HF), and metallic contaminants are removed using hydrochloric
acid mixed with hydrogen peroxide. Immediately after the RCA process, the chips are
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Figure 3.1: Right: Photograph of a furnace used for growth of epigraphene via thermal
decomposition of SiC. The SiC substrate is placed inside a graphite crucible, enclosed in the
graphite foam. Left: Schematic representation of a cross-section of the furnace, including
the graphite crucible. The SiC is placed Si-face-down in the crucible, suspended on small
graphite pillars. The crucible is heated using RF power in an inert argon atmosphere, and
the temperature is monitored using two pyrometers.

thoroughly rinsed in a bath of high-purity deionized water. Before the growth process
starts, the chips are usually dipped one last time in HF and kept submerged in water all
the way to the growth furnace.

Figure 3.1 shows an example of how an epigraphene furnace looks like. In the center
of the furnace rests a crucible carved from solid graphite. The chip is placed the center of
the crucible with the Si-face pointing down, suspended on graphite pillars, and sealed
inside by a solid graphite lid. In general, the confinement aids in suppressing growth rate
in order to improve epigraphene quality. The crucible itself is enclosed in graphite foam,
and the whole structure sits in a quartz tube which is surrounded by a heating coil and
complementary water cooling system. For growth of monolayer graphene, the oven is set
to approximately 1700 ◦C for a 4 inch crucible, and approximately 1900 ◦C for a 2 inch
crucible. The graphite crucible is heated by induced eddy currents due to applied RF
power. The entire quartz chamber is filled with an inert argon atmosphere of around 800
mbar. The furnace is heated up over the course of around 1 hour and kept at the desired
temperature set-point for 5 minutes, after which the power is switched off. After waiting
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Figure 3.2: An overview of the growth optimization process. The AFM scans show the
topography of epigraphene grown at different temperatures. The height scan images a, c,
e, g, and i show how the SiC steps have reconstructed differently, while the phase images
b, d, f, h, and j give an indication of the uniformity of growth. Epigraphene was grown at
1700 ◦C a-b, 1750 ◦C c-d, 1800 ◦C e-f, 1850 ◦C g-h, 1900 ◦C i-j. The phase images
show that epigraphene is the most uniform for growth at 1700 ◦C.
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more than 4 hours, the sample is usually sufficiently cold and can be removed from the
oven. The growth quality, in terms of area coverage of monolayer epigraphene, can be
quickly investigated using the non-invasive methods described in the coming sections.

The growth process is sensitive to temperature, pressure, and time, and it it difficult
to predict in advance how uniformly epigraphene will grow. Optimization of the process
implies varying these parameters, growing many samples, and investigating the quality.
An example of this procedure can be seen in Figure 3.2, where the temperature for growth
in a 4 inch crucible was changed between 1700-1900 ◦C, and the homogeneity was studied
using non-destructive AFM techniques (Chapter 3.1.2).

3.1.1 Optical Microscopy

Figure 3.3: An optical micrograph of epigraphene taken using transmission mode optical
microscopy. Imagine processing such as background subtraction, digital contrast enhance-
ment, and gamma correction have been used to enhance the contrast between bilayer
inclusions and monolayer. Since bilayer inclusion absorb more of the transmitted light,
they appear as darker stripes (e.g. red dotted circles). Outside the bilayer, everything
else is monolayer epigraphene and the area coverage of this particular sample area is
approximately > 98 %.

Despite the fact that both the SiC substrate and epigraphene appear fully transparent
to the naked eye, basic optical microscopy techniques in the visible spectrum can still
provide valuable insight into the sample homogeneity after growth [54]. One such technique
utilizes transmission mode microscopy, in combination with digital contrast enhancement,
to differentiate between single and multi-layer epigraphene patches. This works because
the light absorption increases by ∼ 1.3 % for each additional layer of epigraphene. Note
that free-standing monolayer graphene absorbs ∼ 2.3 %, but the SiC substrate decreases
this contrast by a factor of 2. This method is useful because it allows for quick assessment
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of the quality (i.e. homogeneity) of epigraphene over a large area and in real-time. Figure
3.3 shows an example of an image produced using this technique, where apparent bilayer
inclusions can be clearly distinguished. Generally, this method can only reveal how many
extra layers of graphene exist in one region compared to another. In order to determine the
absolute layer count, a known reference such as region of bare SiC is needed. Monolayer
epigraphene absorbs ∼ 2.4 % more than bare SiC, and the contrast is higher because
epigraphene has the buffer layer underneath. It should be noted that the presence of
monolayer epigraphene is in principle not verifiable from optical imaging alone. The use
of optical microscopy simply serves to quickly determine whether a particular sample is
homogeneous enough to be worthy of further processing.

3.1.2 Atomic Force Microscopy

Figure 3.4: Epigraphene characterized by tapping mode AFM. Left: Height image shows
the topography of epigraphene, after linear background subtraction. The most prominent
features of epigraphene grown on SiC, are the myriad of steps formed on the surface of
the SiC substrate during growth. The inset shows the cross sectional height profile taken
along Line 1, which reveals that the steps are on the order of 1 nm high, on the order of
unit cell height of 4H-SiC. The steps are separated by atomically flat SiC terraces 1− 2µm
wide. The epigraphene, not directly visible, is draped like a carpet over the SiC steps.
Certain regions have much larger SiC step size, and appear almost as holes in topography
(black). These deeper regions hint at multilayer graphene growth, because more SiC needs
to be consumed in order to supply enough carbon atoms. Right: The AFM phase image
clearly reveals the presence of a different material (yellow), presumably bilayer inclusions,
whose positions correspond well to the deep steps in topography.

While optical microscopy is an expedient method to image the material homogeneity,
it lacks the necessary spatial resolution to detect the intricate features on the nanometer

33



scale. A scanning probe technique such as atomic Force Microscopy (AFM) is useful when
high resolution is needed. It can provide atomic resolution in height, and can be used to
image the topography of a sample as seen in Figure 3.4. The lateral resolution depends
on the size of the AFM tip, and is typically on the order of 10 nm.

Tapping mode AFM is the most commonly used mode. All AFM-modes are based
on the oscillation of a cantilever with a sharp tip, driven near its resonance frequency.
In tapping mode, the tip is intermittently brought close to the sample and the change
in oscillation amplitude due to interactions with the surface are used to determine the
topography. In addition, changes in the mechanical properties and viscoelasticity of the
surface can be detected from the phase signal, which is defined as the phase difference
between the excitation signal of the cantilever and the measured output signal. This is in
essence a measurement of the energy loss of the cantilever, and it is useful because it can
distinguish between different graphene domains which can be hard to distinguish from
topography alone. However, it ultimately only shows whether two regions have different
graphene thickness, and not the exact layer count.

An electrical mode which complements regular mechanical tapping mode is the Kelvin
probe microscopy (KPM) which can be used to image the work function of the surface.
With a known reference point, such as gold, one can determine the work function of
the underlying material and in principle estimate the number of graphene layers [55].
However, since the work function is dependent on carrier density, KPM measurements on
graphene under ambient conditions can be difficult to interpret since bare graphene is
sensitive to external doping.

3.1.3 Raman Spectroscopy

Raman spectroscopy is a popular technique to characterize graphene, as it can show a
wealth of information regarding layer count, doping, and strain. The technique relies on
detecting the inelastic scattering of monochromatic light, and probes the relaxation of
the vibrational modes of a crystal, which reveal information about the underlying crystal
structure. Graphene has many unique fingerprints which appear in a Raman spectra [56],
but the main peaks which are the most studied are the 2D peak (breathing mode of six
carbon atom rings), D peak (same fundamental origin as 2D peak, but requires disorder)
and G peak (in-plane vibrational mode of carbon-carbon bonds). Figure 3.5 shows a
typical spectra for epigraphene. A commonly accepted sign of high quality monolayer
graphene is a sharp and intense 2D peak, combined with a small D peak. The Raman
spectra have many subtleties, for instance the position, width, and intensity of the 2D
and G peak depend both on strain and doping[35]. Furthermore, additional layers of
graphene will result in a broadening and shift of the 2D peak [57]. In fact, the 2D peak
will be a superposition of several peaks, depending on number of layers. However, due to
the confounding influences of strain and doping, coupled with limited lateral resolution
of a finite laser spot size, it is not always possible to clearly distinguish between mono
and multilayer graphene domains, especially for epigraphene which contain small bilayer
inclusions. Another unfortunate limitation of Raman spectroscopy on epigraphene is that
the SiC substrate has strong Raman peaks which greatly overlap with the D and G peaks
of graphene. Careful background subtraction can recover the buried peaks, but their
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Figure 3.5: Raman spectra of epigraphene, with the SiC background signal subtracted. A
sharp 2D peak can be seen at a shift of 2670 cm−1. The D (1500 cm−1) and G (1590
cm−1) peaks, while slightly distorted after background-subtraction, are also well-defined.
The sharp (FWHM = 40 cm−1) single Lorentzian 2D peak, combined with the relatively
weak D peak, is a sign of high quality graphene.

shapes can be distorted.

3.2 Electron Beam Lithography

This section describes the general lithography processes required to pattern epigraphene
into an electronic device. The primary fabrication technique relies on electron beam
lithography (EBL) to transfer device patterns to epigraphene. Photolithography is also a
viable alternative, and commonly used in industry. It sees only limited use in this work
because of the nature of the molecular doping method, which is only compatible with
resists used in EBL.

Figure 3.6 shows a typical EBL process, which can be divided into three steps. In
the first step, metallic cross-shaped markers are deposited to enable precise alignment
of future layers. Metallic anchor pads are also created at the same time. These anchors
ensure that the the next layer of metallic contacts, which will connect to epigraphene itself,
will adhere well to the chip. This precaution is necessary because the adhesion between
metals and bare graphene is poor. The fabrication process begins by covering the surface
of epigraphene with two layers of EBL compatible resist using spin-coating. The first is a
poly(methyl-methacrylate) (PMMA) based copolymer, follow by a layer of A-RP 6200.13.
The bottom layer can be replaced by normal PMMA if needed. These are all positive
resists, which means that after exposure to the electron beam (ebeam) they become soluble
in specific developers. The reason for using two types of resists, sensitive to different
developers, is to enable control over the resist profile after development. The desired
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Figure 3.6: Left: Schematic representation of the EBL process. 1. Anchor: In the first
step Au anchors and markers are fabricated. Epigraphene is removed using oxygen plasma
ashing and the metal layer is deposited directly on SiC. A thin adhesion layer of Ti is used
before Au deposition. The anchors are important because they provide support and improve
adhesion for future contact layers. 2. Contact: The second EBL step uses the markers
from the 1st step to align the Au contacts which connect to graphene itself. 3. Ashing:
In the final step, the device geometry is defined by removing excess graphene using ashing.
Right: Optical image of a finished epigraphene sample. The sample contains arrays of
Hall bars, each with eight electrical contacts made from Au. The white dotted lines mark
the rectangular graphene regions. All graphene outside these regions have been removed,
leaving behind only insulating SiC.

device pattern is transferred to the resists through exposure to an electron beam. The
top and bottom layers are developed after the exposure in neat o-xylene and isopropanol
(IPA) mixed with water, respectively. Their individual development times are adjusted
so that the bottom layer develops more than the top layer, which effectively creates an
undercut in the resist profile. After development is complete, the ebeam exposed regions
of resist will reveal the underlying graphene. The entire sample is subjected to short
oxygen plasma etching (ashing), laying bare the SiC substrate which will anchor the metal
layers. Immediately after ashing, a thin adhesion layer of Ti followed by a thicker film of
Au are evaporated over the entire chip. This is a physical vapor deposition (PVD) process
in which the metals are evaporated by electron beam heating. Finally, the remaining
resist along with the excess metal are removed using acetone in the lift-off process, which
is greatly facilitated by the undercut in the resist profile.

Once the anchors are in place, the next metal layer will overlap the anchors and
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connect to epigraphene itself. The second EBL step follows a similar procedure as the
first one. The only difference is that oxygen plasma etching is omitted because the metal
layer needs to connect to epigraphene, and not SiC. The metallic contact pads and leads
are aligned to the anchors and graphene using the markers made in the first step. There
are eight contacts in total for a typical graphene Hall bar, two reserved for source and
drain, and the other six for voltage probes.

In the final EBL step the geometry of the epigraphene device (e.g. Hall bar) is defined.
Before this point, the entire chip is still covered by epigraphene. In order ensure that the
current takes a well-defined path within each individual device, and also to electrically
isolate devices from each other, excess graphene is etched using oxygen plasma. This EBL
step only requires one resist layer, and a simple PMMA resist mask can be used. Once
again, the sample is exposed to the ebeam, developed using IPA mixed with water, and
ultimately etched using oxygen plasma. The residual protective resist is dissolved using
acetone. Immediately after fabrication, the epigraphene devices are encapsulated by a
PMMA (or copolymer) layer in order to protect the graphene from unwanted exposure to
dust particles, ambient dopants such as water, or other contaminants.

Figure 3.7: Left: Schematic representation of the lithography steps involved to fabricate
pseudo-edge contacts to epigraphene. It mimics the regular EBL steps used to make anchor
contacts, with the exception that three resist layers are used instead. The consequence
is that the anchor metal forms an electrical contact to the edges of graphene. Right:
False-color SEM image taken at an angle, showing the corner of a contact pad and the
profile of the pseduo-edge contact.

As mentioned, metals do not adhere well to bare graphene. In fact, the strong sp2 lattice
of graphene tend to not form covalent bonds to any contact material. A normal contact
placed on top of graphene will be bonded by van der Waals forces, which presents another
barrier which injected electrons must overcome, thereby increasing the contact resistance
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[58]. High contact resistance is rarely desirable because it induces additional heating
and noise into measurements. State-of-the-art electrical contacts, with the lowest contact
resistance, have circumvented this problem by fabricating one-dimensional contacts, or
edge contacts, which only touch graphene at its sides [59]. This is commonly achieved in
mechanically exfoliated graphene flakes encapsulated by hexagonal boron nitride (hBN).
However, this process requires manual assembly of flakes and it not suitable for real-world
applications.

The idea of edge contacts is sound, but the process has to be altered for epigraphene,
which is aiming for practical applications. The basic idea of edge contacts is to protect
graphene, etch the sides and expose an edge of graphene, and finally deposit metal on
the side edges. Instead of using tiny flakes of hBN (≈ 10µm), simple EBL resist can
fulfill a similar role. This modified process is inspired by lithography of T-gate structures,
which are electrostatic gates with narrow channel width, where three layers of resist are
used in tandem to create a unique undercut profile. In order to lithographically create
pseudo-edge contacts, a simple alteration of the anchor contact EBL recipe presented
above is made. Figure 3.7 shows that a third layer consisting of PMMA is added below
the two usual layers. The copolymer develops faster than the bottom PMMA layer, which
creates an undercut in the middle layer and a protruding bottom layer. The ashing step
removes graphene as usual, but the etched bottom PMMA layer leaves a protruding edge
of graphene. When metal is evaporated on this structure, it drapes the edges of the
bottom PMMA layer, coming into contact with graphene. The middle undercut is crucial
because it makes sure that lift-off is still possible. The final result is an metallic pad
with flared edges (see SEM picture), but still in electrical contact with graphene. This
type of contact is useful not only because it eliminates one EBL lithography step, but
it is observed that the resulting contact resistance are lower and more reproducible in
general. One drawback is that the flared edges of the contacts can be problematic for
closely-spaced structures, where they can cause shorts. This can be overcome with careful
tuning of the recipe and development times. The development of this technique resulted
in Patent I.

3.3 Molecular Doping Method

Exerting control over carrier density in epigraphene is one of the main challenges in the
epigraphene research field. The solution found in this thesis to this long standing problem
is to use a molecular doping method based on acceptor molecules F4TCNQ mixed with a
polymer PMMA. This section will present how to prepare the dopant blend and how it
can be used to dope epigraphene.

3.3.1 F4TCNQ Dopant Blend

The carrier density of epigraphene can be tuned from high n-doping to p-doping using
strong acceptor molecules F4TCNQ mixed with PMMA, forming a dopant blend. This
dopant blend can then be simply spin-coated onto the chip, or even large wafers.

The first step requires preparation of the dopant blend itself. Exact recipes, such as
a mixing ratios, can be found in Appendix A.4. A dry powder of F4TCNQ molecules
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is dissolved in anisole solvent, and the resulting solution is then mixed with PMMA
resist, whose solvent is also anisole. The standard dopant blend used throughout this
thesis consists of 7 wt.% F4TCNQ molecules in PMMA. Before the dopant blend is
applied to epigraphene, a polymer layer of neat PMMA or copolymer PMMA is first
deposited using spin-coating. This layer acts like a spacer layer and affects the diffusion
of F4TCNQ dopants, and the doping recipe has been optimized with this spacer layer
in mind. The dopant blend is then spin-coated directly onto the spacer layer. Lastly,
and most importantly, the resist is annealed at elevated temperatures above the glass
transition temperature of PMMA, around 160 ◦C. This step is common for EBL process
to remove residual solvents from the resist. However, the main purpose here is to use the
annealing process to tune the final carrier density of doped epigraphene. It is observed
that thermal annealing at these temperatures irreversibly reduces the doping effect of
F4TCNQ molecules, causing epigraphene to be more n-doped with increasing annealing
time. In fact, using the standard dopant blend, samples can be either p-doped or n-doped
depending on annealing time. For samples covered by a spacer layer and dopant layer on
top, the optimal annealing time required to achieve charge neutral graphene is around 5
min.

For additional doping stability more polymer layers can be added. Typically five
alternating layers like PMMA-dopant-PMMA-dopant-PMMA are used. Annealing is
performed for 5 min at 160 ◦C after each polymer layer. In order to reach charge neutrality
an additional 10-15 min of annealing is required.

3.3.2 Electrostatic Gating

For more advanced measurements which require tunable carrier density in real-time, an
electrostatic top-gate can be deposited directly on top of the polymer layers. This process
requires additional layers of spacer PMMA and dopant blend in order to preserve the
carrier density level of the underlying epigraphene. In general, a total five layers are
used, as described above. Caution is taken not to affect the dopants by wet chemistry by
forgoing EBL, and instead using a shadow mask to evaporate the gate electrodes. The
mask can be patterned using EBL and the Bosch etching process to create through-holes
in a thin Si wafer. After deposition of the metal gate, the carrier density usually increases
towards n-type by ∆n > 1× 1011 cm−2 due to the strong attractive effects metals have
on F4TCNQ (See Chapter 4.3).

An alternative to shadow mask deposition is to directly pattern a top-gate structure.
This is desirable because it allows for greater flexibility in device design and reduces
fabrication time. However, EBL cannot be used because the the dopant blend relies
on ebeam sensitive resist. Photolithography is normally poorly suited for fabrication
of epigraphene devices, since the residual resists disturb the homogeneity of the doping
method (no such effect observed for PMMA-based residuals). However, once the sample
is covered by PMMA polymers, photolithography can be performed on top to fabricate a
top-gate, as shown in Figure 3.8. Photolithography is used because the chemicals involved
adequately preserve the integrity of PMMA and the F4TCNQ dopants.

The first step involves deposition of the gate electrode layer. Initially, a thin layer of
Al (40 nm) is used to cover the entire surface. It is evaporated using resistive evaporation,
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Figure 3.8: Left: Schematic representation of the photolithography steps involved in
fabricating a top-gate on epigraphene. Right: Optical micrograph (transmission mode) of
a top-gated epigraphene Hall bar.

since radiation from ebeam evaporation can weaken the polymer resist (PMMA is UV
sensitive). A layer of positive photoresist (S1813) is then spin-coated directly on top
of the Al, and a pattern is exposed using a direct-write laser system. The developer is
MF-319, based on tetramethylammonium hydroxide (TMAH), which both removes the
exposed resist and etches the underlying Al. While PMMA is resistant to short-term
exposure to the developer, lengthy development times should be avoided. The sample is
ready after the exposed Al has been removed, and the remaining S1813 resist is left on
top of the gate electrodes for additional protection. This process also causes an increase
of carrier density towards n-type by ∆n > 1× 1011 cm−2 of doped devices.

3.4 Electrical Characterization

Electrical Characterization of epigraphene devices is the fundamental experimental tech-
nique in this thesis. This section explores different DC characterization techniques
used to test the quality of grown epigraphene, the characteristics of fabricated devices,
and homogeneity of molecular doping. It end with a brief introduction to precision
measurements.

3.4.1 Magnetotransport

The primary electrical characterization tool is Hall and quantum Hall effect (QHE)
measurements. These magnetotransport measurements are used to extract important
information such as the carrier density and carrier mobility. In order to observe quantum
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Figure 3.9: Optical micrograph of an epigraphene Hall bar device with eight Au contacts.
This device is typically current biased and subjected to an out-of-plane perpendicular
magnetic field B. The white overlays indicates the current direction with current IX ,
the direction of magnetic field B, and where the longitudinal voltage VX and transverse
voltage VY are measured. The white dotted lines mark the boundaries of the epigraphene
Hall bar.

transport phenomena, such as QHE, samples need to be cooled down to cryogenic
temperatures and subjected to a perpendicular magnetic field. The cooling is achieved
by inserting the sample into a helium gas-flow cryostat, in which liquid helium (4He) is
used. By pumping on the helium in an enclosed sample volume, the temperature can be
brought down to slightly below T = 2 K. The sample temperature is commonly monitored
using a diode thermometer mounted next to the sample. The cryostat is equipped with a
superconducting magnet which is capable of high magnetic fields from 9 T (Blue Oxford)
or 14 T (Quantum Design PPMS).

The standard procedure for Hall measurements is to current bias the sample and
measure voltage in four-probe configuration (Keithley 6221 DC and AC current source,
Agilent 34420A nanovoltmeter). The appropriate current level depends on the doping
level of epigraphene. The bias current is typically in the range of 100 nA for lowly doped
samples, which prevents overheating and stays below the critical current limit of QHE.
For higher doped samples, the current can be one or two orders of magnitude higher.
The important consideration is that the current-voltage (IV) characteristics remain linear
in the chosen current range, from room temperature down to cryogenic temperatures.
Hall measurements can be performed at any temperature by applying a low magnetic
field |B| < 1 T, and measuring the transverse Hall resistance RXY . Assuming that RXY
is linear with field, the Hall coefficient can be extracted from a linear fit, after which
the carrier density and carrier mobility can be determined. On the other hans, it is
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only practically possible to observe the QHE at cryogenic temperatures. The maximum
temperature depends on the available magnetic fields, and the carrier density level of
epigraphene. QHE is typically measured at 2 K to be able to use as low magnetic fields
as possible.

A fully quantized sample, meaning RXX = 0 and RXY = h/2e2, indicates that
the sample is of high electronic quality. All reported values of carrier mobility and
carrier concentration in this work are extracted from four-probe Hall and quantum Hall
measurements (single-band model), unless stated otherwise. Note that once the doping
levels approach the Dirac point, the Hall voltage is no longer linear with magnetic field and
this indicates that the sample has entered the charge-puddle regime, which is dominated
by charge disorder. The data points inside this regime are intentionally omitted from
carrier density and mobility plots.

3.4.2 Contact Resistance

A low contact resistance is desirable in general, due to reduced heating and noise in
the device. This is especially important for applications in metrology, where a QHR
standard should have contact resistances below 10 Ω, but ideally much lower, in order to
not influence the accuracy of quantization [60]. A common and simple method to estimate
the contact resistance is to measure the length dependence of resistance, and analyze
the data using the transfer length/transmission line model [61]. This method is useful
because it works under any measurement conditions, but it is generally not suitable for
Hall bar geometries. Instead, Hall bars exploit the fact that RXX = 0 in QHE regime and
use the so-called three-probe measurement [60] to directly measure the contact resistance.
For instance, to achieve three-probe configuration the current is sent between source and
drain contacts S and D on a Hall bar. The voltage is then measured between S-A, where
A is one intermediate voltage probe. In the quantum Hall state, the edge state which
travels from S to D, passing by A, is an equipotential line, and thus all of the potential
drop occurs due to the contact resistance of contact S alone. This connection scheme can
be repeated for all contacts. However, one has to be careful with the field and current
directions when choosing where to measure the voltage. In the example device given in
Figure 3.10, assuming n-doping and an out-of-plane magnetic field point towards the
reader, a three probe contact resistance measurement for contact 1 could be achieved by
passing current between contacts 1-3, and measuring the voltage between contacts 1-2.

3.4.3 Van der Pauw Method

In some samples the epigraphene device geometry is poorly defined, and normal Hall
bar measurements are not ideal. In those cases, van der Pauw (vdP) measurements
can used to determine carrier density and mobility instead [62]. The general idea is
that by utilizing a combination of measurements using four contact pads in different
configurations, the Hall coefficient and sheet resistance of a device with arbitrary geometry
can be determined. This technique is useful when characterizing Hall sensors for instance.
The ideal sample should be flat and of uniform thickness, much thinner than the device
width and length. Furthermore, the sample should be free from holes, homogeneous,
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Figure 3.10: Right: Optical micrograph of an epigraphene device with van der Pauw
geometry, including numbered contacts. The epigraphene area is marked by the dotted
white line. Lef: Schematic representation of a generic van der Pauw device with numbered
contacts.

and isotropic. The electrical contacts should be ohmic, connected to the edges of the
chip, and the contact area should be much smaller than the sample area. In practice, a
real sample will deviate from this ideal situation, which leads to some inaccuracies in
the vdP measurement. However, a well-designed uniformly doped epigraphene device
does not deviate significantly from the ideal case. This can be tested by comparing
the sheet resistance and carrier density calculated from vdP measurements with QHE
measurements.

Figure 3.10 shows an example epigraphene device with vdP geometry, with contacts
at the corners (pseudo-edge contacts to reduce contact area). Two resistances are needed
for resistivity ρ measurements, one along a horizontal edge Rhor and one along a vertical
edge Rvert. For example, if current is initially passed through the horizontal edge using
contacts 1-2 and voltage is measured between 4-3, then the resistance is R12,43 = V43/I12.
This is repeated for the polarity reversed case R21,34 to remove offsets such as thermal
voltages. Afterwards comes the reciprocal case R43,12, before finally switching to the
vertical edge and repeating the entire procedure. Eight measurements in total yield:

Rhor =
R12,43 +R21,34 +R34,21 +R43,12

4

Rvert =
R14,23 +R41,32 +R32,41 +R23,14

4

(3.1)

The sheet resistance ρ is then determined by solving the van der Pauw equation
(typically numerically):

e−
πRhor
ρ + e−

πRvert
ρ = 1 (3.2)
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The Hall voltage is measured in a similar way by alternating between different con-
figurations of contacts and switching the direction of the perpendicular magnetic field.
The magnitude of the bias current and magnetic field is always fixed. One example
vdP Hall measurement can be sending current between contacts 1-3, for a positive field
+B, and measuring the voltage between 2-4, denoted as V +

2−4. This is again repeated
with the polarity reversed, for the reciprocal case, and with reversed field. In total eight
measurements yield the Hall voltage:

VH =
V +

2−4 − V −2−4 + V +
4−2 − V −4−2 + V +

1−3 − V −1−3 + V +
3−1 − V −3−1

8
(3.3)

It is then straightforward to calculate the Hall coefficient RH = VH/B, the carrier
density n = 1/eRH , and carrier mobility µ = RH/ρ.

3.4.4 Electrostatic Gating

For measurements which require an electrostatic gate, the top-gate electrode is biased
with voltages ranging from -100 to +200 V using a sourcemeter (Keithley 2400 series),
which can monitor the current and voltage simultaneously. A 1 MΩ resistor is placed
in series with the gate connection, in order to prevent a current spike in the event of a
dielectric breakdown. The gate voltage is stepped in small < 10 mV steps per 200 ms in
order to avoid capacitive current spikes.

The gate voltage is typically referenced to the sample drain contact, and a negative
gate voltage therefore induces p-doping while a positive voltage induces n-doping. Very
high voltages are necessary in practice due to the thick dielectric (polymer layers approach
1µm thickness) and reduced gate efficiency owing to known substrate interactions. The
measured gate leakage current is kept below <1 nA, to ensure minimal effect on the
current flowing through the device. It is observed that dielectric gate breakdown occurs
earlier for negative gate voltages than positive, and this is attributed to an additional
internal electric field due to charged F4TCNQ molecules.

3.4.5 Cryogenic Current Comparator

An eternal struggle in the art precision measurements is to decrease the measurement
uncertainty. The pinnacle of this can be seen in quantum resistance metrology, where
epigraphene QHR standards have provided measurements of the resistance quantum h/2e2

with a precision of 0.086 nΩ/Ω (86 parts-per-trillion) [17]. This is no small feat, and it is
made possible only by using the cryogenic current comparator (CCC) [63, 64]

The CCC is in essence a current comparator bridge which compares the value of two
resistors. Figure 3.11 depicts a schematic of one type of CCC. The two resistors, called
RK and RS , are compared by placing them in different current loops. In practice, RS
denotes a sample resistor which is to be calibrated against a QHR standard RK , which
has a fixed value of h/2e2 (depending on the resistance plateau). The ratio between the
coil windings Np/Ns is adjusted to be as close as possible to the expected resistance ratio
RK/RS . The goal is to ensure that the current flowing through both resistors is equal.
When the current is balanced, the measured voltage ratio by the detector (nanovoltmeter)
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Figure 3.11: Schematic representation of a CCC setup. The reference resistor RK is
usually a QHR standard, and it is used to calibrate another resistor Rs. The goal of
the CCC is to ensure that the current flowing through both resistors is equal. When the
circuit is balanced the voltage measured by the detector is exactly proportional to the
resistance ratio. The ratio between coil windings Np/Ns is set to be as close as possible
to the expected resistance ratio RK/Rs. The SQUID ensures that a precise balance is
kept by measuring the net magnetic field in the superconducting CCC shield, induced by
the current through the resistors. A feedback signal is sent to one of the current sources
to change the current and null the magnetic field. An additional trim coil Nt, variable
resistor Rl, and high resistance Rh are used to null the detector itself.

is used in order to determine the resistance ratio. The wires which carry the current are
passed through a superconducting tube which acts like a shield. Thanks to the Meissner
effect, screening eddy currents form on the inside surface of the tube and exactly cancel
the induced magnetic field inside the superconductor. These screening currents flow
across the surface of the shield, and to the outer surface and induce another magnetic
field. This weak magnetic field is measured by a superconducting quantum interference
device (SQUID), which has the ultimate sensitivity to magnetic flux. The field is fed to
the SQUID via the assistance of a pick-up coil placed close to the shield. The output
signal of the SQUID is then sent back to one of the current sources, which changes the
current in order to zero the net magnetic field in the CCC shield. In other words, it
accurately adjusts the current ratio between the two resistors to match the coil winding
ratio. When the CCC bridge is exactly balanced, the voltage reading on the detector is
exactly proportional to the resistance ratio. Furthermore, the detector itself is usually
balanced with the use of a third compensating circuit containing a trim coil Nt, a variable
resistor Rl, and a fixed resistor Rh with a high resistance value. When all of the pieces
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are in place, the measured resistance ratio is [63]:

RK
RS

=
Np
Ns

1

(1 + d)

1

(1 + VM/V )

d =
Nt
Ns

Rl
(Rl +Rh)

(3.4)

Here VM is the voltage measured by the detector, which should be close to zero,
and V is the voltage drop across the resistors under investigation. For reference, when
comparing the quantized resistance of epigraphene h/2e2 ≈ 12.9064... kΩ against a 100
Ω standard resistor, the coil windings are set to Np = 2065 and Ns = 16, with ratio
Np/Ns = 129.0625. This is already very close to the nominal true ratio, but not accurate
on the level of nΩ/Ω.
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4 Molecular Doping

Epigraphene is in principle well-suited for electronic applications that require scalability,
reproducibility, and high electronic quality. The nature of the epitaxial growth process
produces a high quality monocrystalline epigraphene film across the entire insulating
substrate [9, 10], which allows for direct fabrication of devices without disturbing the
electronic and structural integrity of epigraphene [13]. However, the difficulty in tuning
the charge carrier density n of epigraphene remains one of its major flaws [15]. Control
over the carrier density is crucial because it is the key that unlocks the possibility to alter
the properties of epigraphene, and to tailor them to different needs. Not only does it
allow for fundamental studies of physics (e.g. near the Dirac point), but it also grants
greater flexibility in potential applications. The usefulness of carrier density control, for
instance via molecular doping, extends beyond graphene, as it is a pervasive technology
in modern society, and the pillar upon which the semiconductor industry rests on. New
doping methods which work for epigraphene may also have wide-reaching implications for
other materials.

The study of carrier density control and doping of epigraphene was originally motivated
by the fact that epigraphene devices play a role in one of the few real applications of
graphene electronics. Starting from a decade ago, epigraphene has found a useful niche
in the field of quantum resistance metrology [14, 19, 65, 66], which deals with the
definition and precise measurement of the unit of resistance Ohm (Ω) using the QHE (see
Chapter 2.3.3). The use of epigraphene as a QHR standard is an especially interesting
application, because it truly utilizes the unique electrical properties of epigraphene in order
to surpass previous technologies. Due to the characteristics of epigraphene specifically,
the QHE can be observed at lower magnetic fields, higher temperatures, using higher bias
currents, and with a more robust quantized resistance plateau [14, 18–20] compared to
conventional 2DEGs like GaAs. In order to exploit these possibilities, the development of
a portable and cryogen-free table-top version of an epigraphene QHR standard is already
underway (Paper A, Paper B), with the goal of facilitating the dissemination of a
primary resistance standard closer to the end-user, and thereby decreasing calibration
uncertainties.

However, exerting control over the carrier density in epigraphene is a challenge, and this
fact hinders practical implementations of epigraphene quantum Hall resistance standards
(QHR), which places several requirements on the carrier density level [19]. Firstly, in
order to operate under relaxed operating conditions (QHE at 4.2 K and below 5 T), the
carrier density cannot be too high. Secondly, the carrier density needs to be tuned in
order to optimize the critical current. Thirdly, the charge disorder should be low (i.e.
homogeneous doping) to ensure an accurate quantization of resistance [21, 22]. Finally,
for real-world applications the device carrier density should possess long-term stability, as
this directly impacts the lifetime of epigraphene QHR standards. In literature there exist
several reported doping techniques such as photo-chemical gating [67], corona discharge
of ions [41], electrostatic gating [68], and direct molecular doping [69, 70]. However, none
are able to meet all requirements since they either lack potency, stability, or tunability.

The approach to carrier density control used in this thesis was inspired by the previous
uses of F4TCNQ molecular dopants directly deposited on graphene [69, 70]. This technique
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resulted in potent doping, but suffered from degradation under ambient conditions. The
key difference in this work is the addition of a PMMA polymer as a host matrix in
order to stabilize the dopant molecules. As will be explored in the following sections,
this combination results in the spontaneously accumulation of dopants on the surface of
epigraphene. This changes the carrier density of epigraphene and leads to an air-stable,
potent, tunable, and reliable doping scheme, with the ability to homogeneously dope
epigraphene over large areas. This chapter covers the results presented in Paper C and
Patent II.

4.1 Towards Charge Neutrality

Before moving on to molecular doping, this section presents initial gating attempts using
hexagonal boron nitride (hBN) as a gate dielectric in order to demonstrate the practical
difficulties in gating epigraphene. Thin flakes of hBN are widely used as both a substrate
and encapsulation layer for state-of-the-art graphene devices [23, 59, 71]. In graphene
research, thin flakes of hBN are commonly utilized as a powerful gate dielectric [72],
capable of high dielectric strengths around 4 MV/cm [73], or in ideal cases even above 10
MV/cm [74]. To test this method on epigraphene, a chip was patterned into an array
of metallic markers and epigraphene Hall bars using ebeam lithography. Mechanical
exfoliation via tape was used to produce hBN flakes from hBN powder. The flakes
were transferred to epigraphene using a dry PDMS stamping technique [75]. The hBN-
encapsulated epigraphene device was then annealed in an argon atmosphere at 1150 ◦C to
clean the interface. Since the flakes are spread randomly, optical microscopy was used
to locate devices which were fully encapsulated by a hBN flake. Devices were patterned
using ebeam lithography, including a top-gate for the Hall bar channel.

Figure 4.1: Left: Optical micrograph of a hBN-encapsulated epigraphene Hall bar device.
The white dotted line outlines the epigraphene area under the hBN flake. There are six
contacts (1-6) connected to the Hall bar, with one top-gate. Right: Carrier density versus
gate voltage for devices with different hBN thickness, measured at 2 K. The gate voltage
was limited by dielectric breakdown of hBN. The dotted lines are linear fits to data.
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Figure 4.1 shows an example of a hBN-encapsulated epigraphene Hall bar. The
thickness of the hBN flakes were investigated using AFM before fabrication of electrical
contacts. The gating attempts demonstrate that even when pushing the limits of gate
voltages to where dielectric breakdown of hBN occurs, the carrier density only changes
from high n-doping n ≈ 1013 cm−2 to n ≈ 6× 1012 cm−2 at most. This limitation is not
due to poor quality hBN, as the dielectric strength for 35 nm and 70 nm thick flakes are
both around 5.7 MV/cm. Even the best hBN flakes would be hard pressed to withstand
the electric fields required to pass through the Dirac point, especially since the effective
gate capacitance is reduced even further near neutrality [76]. In the end, it appears
that hBN is inadequate when it comes to carrier density tuning, and cannot be used
to bring epigraphene close to charge neutrality. However, one benefit of hBN is that it
preserves the intrinsic quality of epigraphene and protects it from external contamination
and doping. For instance, these devices have a relatively high carrier mobility figure
> 2000 cm2/Vs at 2 K, despite the very high n-doping n ≈ 1013 cm−2.

4.2 Molecular Doping Schemes

After exhausting other familiar options, the acceptor molecule F4TCNQ was explored as a
novel solution to the problem of carrier density control in epigraphene. Different schemes
were tested in order to explore the possibilities of F4TCNQ doping of epigraphene. Figure
4.2 shows three initially tested approaches to molecular doping, and their influence on the
charge carrier density and mobility of epigraphene. The doped samples were all cooled
down in a cryostat and the evolution of carrier density and mobility was monitored as
the temperature decreased. The mixture of F4TCNQ acceptor molecules and PMMA
polymer (henceforth referred to as dopant blend), combined with a PMMA (or copolymer
PMMA) spacer layer, has a strong p-doping effect on epigraphene, capable of bringing
the carrier density very close to the charge neutrality point (n ≈ 1010 cm−2) at cryogenic
temperatures of 2 K. The low doping level gives rise to a strong temperature dependence
of carrier density due to thermal excitation above the Fermi energy, which at such low
doping is only EF ≈ 11 meV. The carrier mobility increases as temperature decreases,
reaching a maximum value of 50 000 cm2/Vs for this particular sample. The observed
downturn in mobility at the lowest temperatures is due to the onset of quantum corrections
to resistance, such as weak-localization and electron-electron interactions. As a reference,
pristine epigraphene was prepared through hBN-encapsulation of epigraphene and it
reveals that the intrinsic n-doping of epigraphene is on the order of n ≈ 1013 cm−2. The
decrease in carrier density due to F4TCNQ, compared to the pristine case, is three orders
of magnitude. The surface coverage of F4TCNQ is then comparable to the estimates from
literature values, with an estimated packing of 2-4 molecules per nm2, or equivalently a
coverage of 2-4× 1014 cm−2.

In the absence of the spacer PMMA layer, the dopant blend deposited directly on
epigraphene acts only as a moderate p-dopant. It is also observed that neat PMMA
itself acts as a weak p-dopant. The optimal doping which results in charge neutral
epigraphene is achieved only in the case when the dopant layer and spacer PMMA layer
operate in tandem, and only then was charge neutrality and high carrier mobility obtained.
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Figure 4.2: Left: Schematic representation of three variants of molecular doping schemes
of epigraphene using polymer layers. The dopant blend consists of F4TCNQ molecules
mixed with PMMA polymer. Right: Carrier density and mobility extracted from Hall
measurements reveal that when the dopant blend and a PMMA spacer are used in combi-
nation, the carrier density of epigraphene decreases by three orders of magnitude compared
to pristine epigraphene, reaching a low doping level of n ≈ 1010 cm−2 at 2 K. The carrier
mobility is very high, reaching 50 000 cm2/Vs at cryogenic temperatures. The two other
tested methods, using only PMMA and only dopant blend, act only as weak to moderate
p-dopants.

The thickness of the spacer PMMA layer was varied between 100-400 nm without any
appreciable change in doping effect. This suggests that there is a minimum spacer layer
thickness needed to achieve charge neutral graphene. Therefore, the standard molecular
doping technique used in this work utilizes the combination of PMMA spacer and dopant
blend, described in Appendix A.4. Note that these findings are valid for the specific choice
of dopant blend set by the ratio of F4TCNQ and PMMA, polymer thickness, annealing
temperature, and annealing time described in the section 3.3. It is clear from brief tests
that changing any of these parameters can result in widely different doping levels of
epigraphene, and the interplay between different factors is not fully understood yet. For
instance, thinning down the polymer layers results in lowered thermal stability of doping,
and samples become much more n-doped after heating. This could in part explain the
higher n-doping observed for the cases using only the dopant blend, compared to using
both spacer and blend (effectively thicker layer). As will be clear in later sections, using
multiple polymer layers results in samples with very stable carrier densities.

For Hall measurements performed at cryogenic temperatures, the simpler single band
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Figure 4.3: Left: Typical temperature dependence of ρXX , measured for epigraphene with
a low carrier density. The initial increase of resistance as the temperature decreases from
room temperature is due to the freezing of thermally excited carriers. After passing the
hump around 175 K, the resistance decreases linearly as is expected for the suppression
of phonon scattering in metals. At even lower temperatures, around 70 K, quantum
corrections to resistance give rise to a logarithmic increase of resistance. Right: Quantum
Hall measurements performed at 2 K. The red plot is ρXY and the black is ρXX . The
sample shows well-developed QHE below 1.5 T, with n ≈ 1.5× 1010 cm−2.

Hall model is sufficient to calculate the carrier density and mobility. Figure 4.3 shows
the typical temperature dependence of ρXX for epigraphene with a low carrier density.
From 300 K to around 175 K there is an unusual increase in resistance as the temperature
drops, and this non-metallic behavior is due to the suppression of thermally excited
carriers. In fact, the temperature at which the maximum of the hump in resistance
occurs, around 175 K in this case, is closely related to the final doping level observed
at cryogenic temperatures. At 175 K the thermal energy scale is kBT ≈ 15 meV, and
when this energy is well below the Fermi energy of graphene the thermal excitations can
be considered suppressed. A Fermi energy of 15 meV corresponds to a carrier density
of n ≈ 1.7× 1010 cm−2 in epigraphene. The quantum Hall measurements performed at
2 K show that the charge carrier density is n ≈ 1.5 × 1010 cm−2, which is in excellent
agreement with the above estimate. At temperatures below 175 K, normal metallic
behavior dominates again, and the resistance decreases linearly with temperature due to
suppression of scattering from acoustic phonons. At the Bloch-Gruneisen temperature
of around 70 K quantum corrections such as weak-localization and electron-electron
interactions become noticeable and lead to a logarithmic temperature dependence of
resistance.

4.3 Spontaneous Assembly

In order to better understand the mechanism behind F4TCNQ doping of epigraphene,
secondary-ion mass spectroscopy (SIMS) can be used to provide a chemical profile of the
entire polymer stack, from the top surface all the way down to epigraphene, and even
beyond into SiC. More specifically, this technique is called time-of-flight (ToF) SIMS. The
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basic idea is that a primary ion beam sputters away material as it drills deeper down
into a sample. The secondary ions ejected during this process are all accelerated to the
same velocity by an externally applied electric field. Neglecting any small differences
in the initial velocities, a detector measures their ToF and obtains information on their
masses. The high mass-resolution of ToF-SIMS allows for the identification of which
specific ions were ejected. Since SIMS is a surface sensitive technique, the analyzed
particles are ejected only from the first few monolayers, and the measured ion intensity is
ideally related to surface concentration of a particular species. In practice, finite surface
roughness and varying sputter rates due to different binding energies and materials often
lead to a broadening of signals.

The unique fingerprints of the F4TCNQ molecule are tracked during the measurements.
Some signals of interest can for instance be fluorine ions (F) and cyano-group (CN) ions.
Any signal from silicon (Si) ions indicates that the SiC substrate has been reached. To
prevent excessive surface damage, a gentler pulsed primary ion beam (Bi3++, 0.34 pA at
50 keV) is used during the ToF analysis. The more aggressive sputtering step is performed
using a powerful C60++ beam at 20 keV with a current of 0.2 nA. The measurement
alternates between the two beams, with 1 second of analysis, followed by 1 seconds of
sputtering, and finally 1 second of pause for each measurement cycle.

Figure 4.4 shows the SIMS data for a sample covered by a PMMA spacer layer, dopant
blend layer, and an additional PMMA encapsulation layer. The SIMS measurement
probed three distinct underlying regions: epigraphene surface, Au surface, and SiC surface.
These aim was to provide a picture of the spatial distribution of F4TCNQ molecules,
from the top of the PMMA surface down to each unique surface type.

The first measurement was taken on the polymer stack above the surface of epigraphene.
The intense peaks in F and CN signals, which occur after 250 seconds of sputtering,
coincide with the appearance of the Si signal. This signifies that there is spontaneous
accumulation of F4TCNQ molecules near the surface of epigraphene. It appears that the
molecules have diffused to the epigraphene surface from the original dopant blend layer.
The full resist thickness is approximately 475 nm, and assuming that the sputtering rate
is constant, then the full-width-at-half-maximum (FWHM) of the CN peak corresponds
to a 10 nm thick accumulation layer. This is a rough estimate, since the spatial resolution
of SIMS is limited due to inhomogeneous sputtering and surface roughness. The measured
signal intensity can be taken as an approximation of the surface density, and the resulting
surface density of F4TCNQ near epigraphene is over 50 % greater than inside the partially
depleted dopant blend layer. The F and CN signals also reveal that molecules diffuse
not only towards epigraphene, but also into the upper PMMA encapsulation layer. This
is not surprising since F4TCNQ molecules are known to be mobile in polymers like
PMMA, with their diffusion being dependent on material properties like polarity and glass
transition temperature [77, 78]. After spin-coating of the dopant blend, the samples are
typically baked for some tim at 160 ◦C, which lies above the glass transition temperature
of PMMA (TG ≈ 100 ◦C). The lowest heating temperature where permanent (but weak)
doping change has been observed is 80 ◦C. The accumulation of molecules near graphene
is attributed to the formation of a charge-transfer complex between the molecule and
epigraphene. The F4TCNQ molecules remain neutrally charged inside the PMMA [79],
but when they encounter a charge donor, like epigraphene, the formation of a charge-
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Figure 4.4: Left: Schematic representation of epigraphene prepared with with a PMMA
spacer layer, dopant blend layer, and a PMMA encapsulation layer. The arrows indicate
three distinct regions probed using ToF-SIMS. Center: Data measured on the polymer
layers above the surface of epigraphene. As the sputtering time increases, the measurement
probes deeper into the polymer stack. The plot focuses on three signals: F and CN, which
are fingerprints of F4TCNQ (molecular structure shown on top), and Si which indicates
when the SiC substrate has been reached. The sharp peaks in the F and C intensity
signals indicate that there is a significant accumulation of F4TCNQ molecules near the
surface of graphene. The diffusion of molecules from the dopant blend layer also occurs
towards the upper PMMA surface. Right: Focusing solely on the CN signal, there is a
clear difference in the spatial distribution of F4TCNQ molecules above the three distinct
regions. Accumulation of F4TCNQ molecules occurs only on conductive surfaces, such as
epigraphene and Au, but not on the insulating SiC substrate.

transfer complex causes them to be bound and stabilized by the Coulomb interaction
[80].

The same accumulation behavior can also be observed for the second measurement
above the surface of Au. The CN signal is three times greater than for epigraphene,
which points to a much stronger accumulation effect of molecules on Au, possibly due
to differences in material characteristics such as carrier density and work function. The
relative width and area of the accumulation peak compared to the dopant blend region is
much larger, meaning that a large portion of the F4TNCQ molecules have diffused from
the dopant blend to the surface of Au and formed a thick accumulation layer.

The third and final measurement was a reference taken above bare insulating SiC,
where epigraphene was removed using oxygen plasma ashing. The data shows a relatively
tiny peak, which means that barely any accumulation of F4TCNQ occurred on SiC. This
result is consistent with the idea that the formation of a charge-transfer complex, between
F4TCNQ and a donor, is required in order to trap the molecules.

Since the intensity of the SIMS signal is related to surface density, the data in Figure
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4.4 can therefore be used to provide another estimate for the surface coverage of F4TCNQ
molecules. The sputter time can be approximately translated to distance, by comparing
it to the nominal resist thickness of 475 nm, and assuming constant sputtering rate. By
taking the area under the entire SIMS intensity curve, for example for the CN signal,
the total amount of F4TCNQ molecules can be calculated (arbitrary intensity units
per unit area). The same can be done for the area under the accumulation peak near
epigraphene. From experimental data, the ratio between the two areas is around 15
%. This means that 15 % of the total amount of F4TCNQ molecules inside the dopant
blend layer has reached the surface of graphene. What remains is to estimate the total
amount of molecules in the original dopant blend. The mixing ratio between F4TCNQ
and PMMA is known to be 7 wt.% F4TCQ in PMMA, the density of F4TCNQ is
PF4TCNQ = 1.4 g/cm3, with molar mass MF4TCNQ = 276 g/mol. On the other hand
PMMA has density PPMMA = 1.18 g/cm3, and molar mass MPMMA = 950 g/mol.
Assuming that the dopant layer consists of a slab of PMMA and F4TCNQ (7 mm x 7
mm x 175 nm), the total number of F4TCNQ molecules is 1.3× 1015. If 15 % of them
reach epigraphene, the surface density of F4TCNQ is then 4× 1014 cm−2 for a monolayer,
or around 4 molecules per nm2. This is comparable to what was estimated from electrical
transport measurements (2-4 molecules per nm2).

Figure 4.5: The red dots show the CN signal intensities extracted from SIMS. The x-axis
is the distance, estimated from sputtering time and total polymer thickness. The intensity
on the y-axis is related to the surface concentration at a certain distance. The maximum
peak is centered in the middle of the 175 nm wide dopant layer. After 600 seconds of
annealing at 160 ◦C, there are clear signs of diffusion of F4TCNQ from the dopant blend
into the surrounding PMMA layers. The black solid line is a fit, modeling the surface
concentration due to diffusion from an instantaneous extended source using Fick’s law.
The diffusion coefficient is estimated to be D ≈ 10−13 cm2/s, in PMMA at 160 ◦C.

The diffusion coefficient of F4TCNQ through PMMA, at 160 ◦C can be estimated
from the CN signal. This estimate assumes that the SIMS signal intensity is an accurate
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representation of the relative surface concentration of F4TCNQ, and that sputter seconds
corresponds well to distance. Applying Fick’s laws of diffusion in order to model the
diffusion from an instantaneous extended limited source (i.e. dopant blend) yields the
following equation [81]:
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centration at position x with the origin located in the center of the source, t time, C0

the initial surface concentration, 2h is the width of the extended source, and D is the
diffusion coefficient. Figure 4.5 shows data on the CN signal measured over the surface
of epigraphene. For simplicity sake, the focus has been put on the dopant blend layer
(limiting the x-axis), which includes the extended source, and its immediate surroundings
limited to roughly halfway inside the top and bottom PMMA layer. By fitting Equation
4.1 using a 175 nm wide source and 600 seconds (5 min baking for dopant layer, 5 min
for top PMMA layer) the diffusion coefficient was determined to be D ≈ 10−13 cm2/s
(in PMMA at 160 ◦C). Note that this simple model assumes that the total number of
F4TCNQ molecules remains constant in the region of interest, which is not true partly
because of accumulation at graphene but also because of the possibility of molecules
leaving the polymer entirely. For instance, neat F4TCNQ is known to sublimate already
at 80 ◦C [77], and while it may be more stable inside a polymer, extended annealing may
reduce the total amount of F4TCNQ. Another erroneous assumption is that the source is
instantaneous, while in reality the dopant blend was annealed without the top PMMA
layer for the first 5 minutes.

Using the estimate for the diffusion coefficient, the flux of F4TCNQ molecules to
the epigraphene surface is given by j = D∆c

∆d = 1.4 × 10−12 mol/cm2s, where ∆c =
2.6× 10−4 mol/cm3 is the initial concentration gradient and ∆d = 185 nm the distance
between the center of the source and epigraphene surface, of which 100 nm is PMMA
spacer. This means that a concentration of 4.6× 1014 cm−2 of F4TCNQ molecules can
reach epigraphene within 600 seconds, which corresponds well with the experimental
value obtained from samples with 600 seconds baking time. This provides only a rough
estimate of the diffusion time scales because both the accumulation at the epigraphene
surface, and the diffusion into the upper PMMA layer have been ignored.

4.4 Tuning Carrier Density via Annealing

One experimental observation is that the p-doping effects of F4TCNQ molecules appears
more pronounced for shorter annealing times. This fact shows that the simple analysis
in the previous chapter is flawed. Figure 4.6 presents the charge carrier density versus
total annealing time at 160 ◦C for epigraphene covered by a PMMA spacer and dopant
blend. At shorter annealing times the sample is in fact p-doped, and as the annealing
time is successively increased the sample irreversibly becomes increasingly n-doped. From
the ρXX versus carrier density data, a clear shape of the Dirac peak can be seen, and
charge neutrality is reached after a total of 4 min of annealing. In the span of 12 minutes,
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Figure 4.6: Annealing of a epigraphene Hall bar sample prepared with PMMA spacer
and dopant blend. The dopant blend has been annealed at 160 ◦C in steps, starting from
1 min to a total of 12 min of accumulated annealing. Left: Carrier density versus
annealing time shows that epigraphene becomes more n-doped as the total annealing time
increases. Charge neutrality is crossed after approximately 4 min of annealing. Right:
Sheet resistance ρXX versus carrier density show the typical Dirac peak shape, where the
maximum resistance is reached near charge neutrality, with a value close to h/e2.

the charge carrier density changes almost by ∆n ≈ 1012 cm−2, which is 10 % of the total
doping strength of ∼ 1013 cm−2. This therefore a relatively small change in doping. Note
that the carrier density change slows down dramatically near charge neutrality, and this
is related to the charge transfer between substrate and epigraphene [76]. The change in
carrier density with annealing can be speculated the be due to the molecules changing
conformation, which affects charge-transfer [82]. Molecules could also be leaving the
epigraphene surface and diffusing away to metallic surfaces nearby (e.g. contacts), or
even completely leaving the sample [77, 80]. Quantum Hall measurements were performed
for each annealing time and the general trend is that quantization is not perfect at the
extreme lower end of annealing times. Samples usually require a few minutes of annealing
before they exhibit well-developed QHE at low doping levels. This is a hint that there is a
time scale for F4TCNQ to rearrange near graphene and to provide homogeneous doping.
It is also observed that in the extreme case of lengthy annealing for hours, the sample will
return to a n-doping level similar to what is observed for pure PMMA on epigraphene
(Figure 4.2), which means that the doping effect of molecules eventually disappear with
annealing, possibly due to a complete removal of F4TCNQ dopants.

As mentioned briefly in Chapter 4.2, the diffusion of F4TCNQ molecules appear
insensitive to thickness variations of the PMMA spacer layer between 100− 400 nm. All
samples showed similarly low doping levels after 5 min of annealing. This hints at that
the initial diffusion of F4TCNQ is very fast and lead to high p-doping initially, which is
then gradually changed towards n-type by subsequent annealing.

To test the limit of how thin the resist can be, a sample prepared with spacer PMMA
layer and dopant blend, annealed for 5 min, was ashed using oxygen plasma. The ashing
removed the residual partially depleted dopant layer and thinned down the PMMA spacer,
with the final thickness being only 50 nm. Note that the doping effect of epigraphene was
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Figure 4.7: Long-term stability investigation of a doped epigraphene Hall bar measured
approximately two years apart. For additional protection the sample was covered with extra
polymer layers, with a final structure of PMMA-Dopant-PMMA-Dopant-PMMA. This
sample was kept primarily at ambient conditions inside a simple nitrogen ventilated box,
taken out only for measurements. During a two-year period the carrier density changed
from n = 5.3× 1010 cm−2 to n = 6.2× 1010 cm−2.

overall preserved, owing to the still intact accumulation layer of F4TCNQ near epigraphene.
In fact, the samples treated this way become slightly more p-doped. This could be due
to increased sensitivity to ambient dopants, which normally p-dope epigraphene. With
this extremely thin resist layer, the increase of n-doping with annealing time is also
greatly sped up. After only 1 min of baking the carrier density changed on the order of
4×1011 cm−2 away from charge neutrality. This is an order of magnitude faster than what
is observed in Figure 4.6. This is another clear sign that additional polymer thickness
slows down the diffusion of F4TCNQ away from epigraphene.

While it appears that the initial process of accumulation of dopants is fast and relatively
insensitive to polymer thickness, the subsequent doping change due to annealing is slower
and strongly dependent on polymer thickness. From the experimental data, a plausible
scenario could be that the initial doping process is very fast because there is a strong
concentration gradient due to the dopant blend layer. As molecules diffuse and spread
out, the concentration gradient decreases and the diffusion slows down overall. During
continuous thermal annealing the dopants start to leave the polymer entirely, primarily
from the top PMMA surface, and the resulting drop in concentration forms a gradient
which pulls more dopants from the accumulation layer, leading to the loss of p-doping
effect on epigraphene. This desorption process is naturally dependent on resist thickness,
occurring faster for thinner resists. Note that this is all speculative, and the exact kinetics
of F4TCNQ diffusion to and from the accumulation layer near epigraphene remains
unexplored.
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Since thermal annealing is required to activate diffusion, the doping effect can be
significantly stable under ambient conditions. Additionally, as shown in Figure 4.6,
multiple measurements performed on the same sample shows resilience to thermal cycling.
Furthermore, a sample kept in a simple nitrogen closet at room temperature retained its
low doping level for more than two years as demonstrated in Figure 4.7. The most stable
samples were covered by five layers of polymers: PMMA-Dopant-PMMA-Dopant-PMMA.
Over the course of two years the total doping strength degraded by < 0.2%, because the
increase in n-doping was ∆n < 2 × 1010 cm−2. However, even samples fabricated with
just the standard PMMA spacer and dopant blend were found to be significantly stable,
and kept their low doping level n ≈ 1010 cm−2 for at least six months, with little sign of
degradation.

The effect of ambient doping can definitely be felt for samples covered by only a
standard PMMA spacer and dopant blend. Ambient doping can change the carrier density
towards p-side faster than ∆n ≈ 1011 cm−2 per year. A controlled nitrogen environment
(or equivalent) is therefore preferred for long-term storage. The effect of ambient doping on
thicker polymer stacks PMMA-Dopant-PMMA-Dopant-PMMA remains untested, but it is
likely significantly reduced. Since ambient doping changes carrier density towards p-type,
but the doped samples drift towards more n-doping in nitrogen, the ideal environment
could perhaps be a mixture of both nitrogen and air.

4.5 Macroscopic Homogeneity

Figure 4.8: Left: Optical micrograph of a macroscopic epigraphene Hall bar device with
dimensions W = 5 mm × L = 5 mm. The white dotted line indicates extent of the
epigraphene area, which connects to eight Au contact pads. Left: Magnetotransport
measurement show that QHE occurs at 2 K and below 2 T. The charge carrier density is
hole-type p = 9× 109 cm−2, and carrier mobility is µ = 39 000 cm2/Vs.
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The measurements presented in Chapter 4.2 were performed on microscopic Hall bars
with W = 2− 100µm× L = 10− 300µm. In order to test the large area homogeneity of
the molecular doping, macroscopic hall bars W = 5 mm×L = 5 mm were also investigated.
Figure 4.8 shows quantum Hall measurements at 2 K on a macroscopic epigraphene Hall
bar device covered by standard PMMA spacer and dopant blend. The linear low-field
RXY [22, 83–85] and the fully developed QHE below 2 T, with ρXX = 0 and RXY = h/2e2,
indicate that the device acts like a system with a single band, and a spatially homogeneous
carrier density distribution [21, 86]. The carrier density for this device is very low p-type,
with p = 9 × 109 cm−2 and mobility is µ = 39 000 cm2/Vs. The combination of low
macroscopic charge disorder and high carrier mobility demonstrates that the F4TCNQ
doping technique is promising for wafer-scale electronic applications. Note that the slight
asymmetries visible in the data, especially around zero magnetic field for ρXX , can be
attributed to the presence of steps in the SiC substrate, bilayer graphene inclusions, and
other material defects. These effects can be mitigated for microscopic hall bars by careful
placement of the device, but impossible to avoid for devices which span the entire chip.

The molecular doping method is not only useful for homogeneous doping of a single
chip, but it is also reproducible across multiple devices. However, despite being doped
using nominally the same annealing time and temperature, there can still exist a slight
difference in the final carrier density between different devices (example in Chapter 4.2).
Due to natural sample variations and ambient doping effects, samples doped in nominally
the same way can be expected to differ in carrier density. However, the aspect which
has the greatest impact on reproducibility is the freshness of the dopant blend, since
a new mixture remains useful ∼ 6 months before it becomes too degraded. Table 4.1
contains a collection of magnetotransport data on doped samples from various chips,
with various device geometries. The final doping level of epigraphene devices, using a
single PMMA spacer layer and dopant blend, baked at 160 ◦C for 5 minutes, is on average
navg = 3× 1010 ± 2.5× 1010 cm−2. The variations in carrier density are typically lower
for doped devices measured on the same chip.

Table 4.1: The table below shows the reproducibility of F4TCNQ doping. It lists a
summary of carrier densities n and mobilities µ extracted from quantum Hall measurements
performed on various devices doped in nominally the same way.

Dev. No. Area (µm2) |n| ( cm−2) µ ( cm2/Vs)
1 30× 180 8.10× 109 5.10× 104

2 30× 180 9.60× 109 4.50× 104

3 30× 180 8.90× 109 4.90× 104

4 18× 90 9.10× 109 4.50× 104

5 18× 90 6.00× 109 8.20× 104

6 18× 90 6.50× 109 7.60× 104

7 36× 144 9.60× 109 6.30× 104

8 36× 144 8.60× 109 5.80× 104

9 36× 144 9.10× 109 5.50× 104

10 5000× 5000 9.10× 1010 6.70× 104

11 10× 10 5.50× 1010 3.80× 104

Continued on next page
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Table 4.1 – Continued from previous page
Dev. No. Area (µm2) |n|( cm−2) µ( cm2/Vs)

12 10× 10 5.20× 1010 4.00× 104

13 30× 180 5.80× 1010 2.00× 104

14 30× 180 7.90× 1010 1.40× 104

15 30× 180 2.00× 1010 3.80× 104

16 30× 180 2.70× 1010 2.90× 104

17 30× 180 4.70× 1010 2.30× 104

18 30× 180 7.10× 1010 1.50× 104

19 36× 144 1.50× 1010 4.80× 104

20 36× 144 2.40× 1010 3.00× 104

21 36× 144 1.40× 1010 4.30× 104

22 36× 144 1.80× 1010 4.60× 104

23 36× 144 6.40× 1010 2.30× 104

24 2× 4 4.00× 1010 2.00× 104

25 36× 144 5.00× 1010 2.70× 104

26 36× 144 9.00× 1010 1.50× 104

27 5000× 5000 1.87× 1010 2.10× 104

28 36× 144 1.50× 1010 4.50× 104

29 100× 180 1.50× 1010 3.00× 104

30 100× 180 2.80× 1010 2.50× 104

31 100× 180 7.00× 1010 1.40× 104

32 100× 180 1.50× 1010 4.10× 104

4.6 Microscopic Homogeneity

An electrostatic gate was deposited directly on the polymer stack in order to further
study the electron transport properties of doped epigraphene. While the charge carrier
density can be tuned using annealing during fabrication, it is much more convenient to
use an electrostatic gate since it can be controlled in real-time. Furthermore, the gate
also allows for fine-tuning of the carrier density close the the charge neutrality point.
However, due to the reduced gate efficiency inherent to epigraphene, and the thick polymer
dielectric, the gate can only change the carrier density on the order of ∆n = 1011 cm2

before dielectric breakdown occurs. This is still sufficient to be able to bring the carrier
density of epigraphene across the Dirac point, provided that epigraphene has already been
doped close to neutrality by F4TCNQ. Gate experiments have been tested in the range of
VG = −150 V to + 200 V, and the polarity is such that negative VG induces more p-doping
and vice versa. Figure 4.9 shows the typical shape of ρXX as a function of applied gate
voltage VG. The resistance is maximal at the Dirac point, which in this case is reached
at around VG = −40 V. The maximum allowed VG before dielectric breakdown occurs is
asymmetric around the Dirac point, and this is likely due to the presence of the induced
electric field from F4TCNQ dopants effectively acting as additional applied negative gate
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Figure 4.9: Top: The inset shows a schematic representation of the epigraphene device.
The data shows zero-field ρXX as a function of applied gate voltage VG at 2 K. The
maximum resistance (Dirac point) is reached at VG = −40 V. For each data point
VG, a full quantum Hall measurement was performed. Bottom: Fully developed QHE
for low charge carrier densities near the Dirac point. The blue dotted lines mark the
resistance quantum of ±h/2e2. At VG = −53 V, the sample shows p-type behavior with
p = 5.6× 109 cm−2 and mobility µ = 52 000 cm2/Vs. At VG = −23 V, the sample shows
n-type behavior with n = 6.4× 109 cm−2 and mobility µ = 61 000 cm2/Vs. The disordered
charge puddle regime lies in between these gate voltages, and in that regime the single-band
charge carrier density and mobility are poorly defined due to non-linear low-field RXY
and imperfect quantization.

voltage. A full quantum Hall measurement was performed for each step in VG, in order
to investigate the charge disorder. Figure 4.9 shows two examples of QHE measured very
close to neutrality, one at VG = −53 V which has p-type behavior with p = 5.6×109 cm−2

and mobility µ = 52 000 cm2/Vs, and one at VG = −23 V which has n-type behavior with
n = 6.4× 109 cm−2 and mobility µ = 61 000 cm2/Vs. The QHE is well-developed in both
of these cases, which means that the sample has yet to enter into the disordered charge
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puddle regime, despite the low carrier densities. The QHE show signs of inhomogeneous
charge distribution for carrier densities even closer to the Dirac point, where RXY is no
longer linear at low magnetic fields. There is also no RXY resistance plateau at h/2e2,
and no vanishing ρXX at high magnetic fields. The single-band charge carrier density and
mobility is therefore poorly defined in the puddle regime, and omitted from future plots.

Figure 4.10: Left: Zero-field ρXX versus charge carrier density, extracted from QHE
measurements performed at different gate voltages. The red dotted lines are a guide to the
eye to highlight the shape of the Dirac cone. The omitted data points near neutrality mark
the extent of the charge puddle region, which extends ±9 meV around the Dirac point.
Right: Two set of carrier mobility versus carrier density data, measured at two places on
the same chip. The mobility approaches a value of 70 000 cm2/Vs close to the Dirac point.

Figure 4.10 shows the extracted carrier density and mobility for the gate sweep in
Figure 4.9. As mentioned, the missing data near neutrality marks the extent of the charge
puddle region. The plot of resistivity versus carrier density reproduces the typical conical
shape. The peak is very sharp, i.e. the charge puddle regime is narrow in terms of energy,
which means that charge disorder is low. The minimum charge carrier densities which
still has well-developed QHE marks the boundaries of the charge puddle regime, and the
strength of charge puddle fluctuations is related to the puddle width of ≈ ±9 meV. At the
lowest doping level the maximum carrier mobility approaches a value of 70 000 cm2/Vs.

The two-band model of disorder-induced temperature dependent transport (see Chapter
2.3.2) is used to provide another way to estimate the charge disorder strength [31, 44].
It is achieved by studying Hall measurements at varying temperatures, and fitting the
temperature dependence of effective charge carrier density using Equation 2.25. The
fit yields the disorder strength s, which is a parameter that corresponds to the average
strength of spatially distributed charge disorder, i.e. charge puddles. Figure 4.11 shows an
example of fitted measurement data, which displays good agreement between theory and
experiment. Four different samples were investigated this way, and the average disorder
strength is calculated to be s = 7.7± 1.2 meV, with an error of two standard deviations.
This is in excellent agreement with the electrostatic gating experiments, in which the
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Figure 4.11: The data (red dots) shows the temperature dependence of effective carrier
density ne. A fit to the two-band model of disorder-induced temperature dependent transport
(black line) is made in order to extract the disorder strength s. The average result of
fits to four different measurement sets is s = 7.7± 1.2 meV, where the error denotes two
standard deviations. The same fit also yields the carrier mobility ratio ue/uh = 1.5, with
electrons having 50 % higher carrier mobility compared to holes.

puddle strength is estimated to be ∼ 9 meV. The two-band model also provides a mobility
ratio between electron and holes, which show that electrons have ∼ 50 % higher carrier
mobility. This explains the observed asymmetry seen in Figure 4.10, where electrons have
a higher mobility compared to holes at a given carrier density.

The flexibility of an electrostatic gate allows for the investigation of temperature
dependence of resistivity very close to charge neutrality. Figure 4.12 shows a comparison
measurement between a non-gated device versus a gated one, plotted in logarithmic
temperature scale. The non-gated device shows similar non-monotonous behavior similar
to Figure 4.3, but with the difference that this particular sample has higher n-doping which
makes the initial resistance hump, due to carrier excitations, occur at higher temperatures
of around 300 K. The quantum corrections to resistance are also less pronounced. For
the gated sample, the resistivity shows a simple monotonous increase as temperature
decreases, similar to disorder activated transport (variable range hopping etc.). This is
a signature of very low doping levels, and corresponding Hall measurements confirmed
that the sample was indeed in the disordered charge puddle regime. The temperature
dependence of resistivity in this regime is approximately logarithmic at low temperatures,
a feature which is exploited in later chapters on THz detection.
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Figure 4.12: Temperature dependence of zero-field resistivity ρXX measured for two
different samples, with and without an applied gate voltage. The gate voltage is applied
starting from 300 K and kept constant down to 2 K. At high applied gate voltages the
sample is lowly doped and in the charge puddle regime, where the resistivity increases
monotonously with temperature. Without a gate voltage, the temperature dependence has
the normal non-monotonic behavior for highly doped epigraphene. See also Figure 4.3.

4.7 Grazing-incidence Wide-angle X-ray Scattering

Grazing-incidence wide-angle x-ray scattering (GIWAXs) is a useful technique to inves-
tigate the structure of the F4TCNQ molecules inside the PMMA matrix. Similar to
traditional x-ray diffraction, this technique relies on Bragg’s law of reflection to determine
the spacing between atomic planes. The grazing-incidence part refers to the shallow
incident angle of the beam, which is suitable for probing thin films due to the efficient
surface reflection. The wide-angle part refers to the detection of wide-angle scattered
intensity, which corresponds to a large momentum transfer in the reciprocal space, and
thus small distances in real space. This technique is commonly used to analyze samples
which have length-scales on the order of nanometers. Reflected signals are weak for thin
films because the beam passes through only a small amount of material, as opposed to
bulk samples. The measurements are therefore performed using a powerful synchrotron
source. The GIWAXs data in this thesis were obtained at the D1-beam line at the Cornell
High Energy Synchrotron Source (CHESS) at Cornell University.

Epigraphene was doped using the standard recipe of spacer PMMA layer and dopant
blend. The samples were investigated using GIWAXs at room temperature and under
ambient conditions. Figure 4.13 shows the 2D spectra collected at 0.15◦ incident beam
angle. Incident angles between 0.1◦-0.25◦ were also tested but no significant change in
features were observed. Starting from 0.125◦ angle, the attenuation length of the x-ray
beam (0.1162 nm wavelength) in PMMA is already 500 nm. This means that the distance
at which beam intensity drops to 1/e of the original intensity is long enough to penetrate
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Figure 4.13: Left: 2D plot of GIWAXs intensity measured at room temperature and
ambient conditions. The inset shows a schematic of the investigated epigraphene sample,
doped using PMMA spacer and dopant blend. The incident beam angle was 0.15 degrees.
A diffuse background has been subtracted from the raw data. There is a clear halo of peak
intensity with radius q = 9.6 nm−1. The white dotted line indicates a region where the
data was integrated over azimuthal angles to produce an intensity profile. Right: Intensity
profile shows a broad diffraction peak at q = 9.6 nm−1 for doped epigraphene. The red
curve shows a reference measurement taken on a sample prepared using only neat PMMA.
The intensity peak is present even in the reference sample, which means that it originates
from PMMA itself. However, the addition of F4TCNQ appears to enhance the signal
twofold.

the entire polymer stack. Note that since long exposures to high intensity radiation bleach
the resist surface, the samples were usually not exposed for more than 20 seconds. After
subtracting the background signal due to diffuse scattering, the only remaining feature is
a broad amorphous intensity halo with a diffraction peak centered at q = 9.6 nm−1. The
origin of this peak appears to be from PMMA itself, as verified by a reference measurement
using a sample with only PMMA (PMMA spacer with neat PMMA on top). The addition
of F4TCNQ molecules enhances the signal by a factor of two, but creates no additional
diffraction spots.

The enhancement of the original PMMA signal due to F4TCNQ molecules implies
that the dopant either stabilizes the polymer backbone, follows the packing of PMMA
itself, or possibly both. The characteristic length-scale of the mixed PMMA-F4TCNQ
system is 2π/q = 6.6 Å. Assuming that F4TCNQ obeys this packing even down to
the accumulation layer near epigraphene, the surface coverage is then 2-3 F4TCNQ
molecules per nm2, which corresponds surprisingly well the to estimates from both SIMS
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and electrical transport of 2-4 molecules per nm2. At these high packing densities, the
conformation of molecules is likely non-planar due to their size, and they stand up on the
surface of epigraphene [69].

The absence of distinct diffraction spots in GIWAXs intensity suggests that F4TCNQ
molecules are well-dispersed in the PMMA matrix, and do not form significant crystal
aggregates. The size of potential crystallites can be estimated using Scherrer analysis.
The Scherrer equation states that τc = κλ

βcosθ , where τc is the mean size of crystal domains,

κ a dimensionless shape factor (for spherical particle = 0.9), λ the x-ray wavelength, θ the
Bragg angle, and β the FWHM of the diffraction peak. The resulting average coherence
length of F4TCNQ crystallites is τc ≈ 2− 3 nm, which is only a few molecules in size.

The charge homogeneity of F4TCNQ doped epigraphene is clearly excellent as evidenced
by magnetotransport data, and one might except that this charge order is related to
crystalline order of F4TCNQ. However, the GIWAXs measurements reveal that there is
no long range crystalline order, at least at room temperature. Due to the thick polymer
stack, it is also likely that any interesting signal from the buried accumulation layer
near epigraphene could be drowned out by the strong signal from the bulk dopant blend
layer. Additionally, the signal could also be smeared out by thermal fluctuations. Future
GIWAXs measurements would need to be performed at cryogenic temperatures to mimic
the conditions of QHE measurements where excellent charge order is observed. Ideally,
the samples should also make use of thinned-down polymer layers.

Naively, the presence of adsorbates on graphene should normally decrease the electronic
quality due to increased scattering, and is actively avoided in the case for encapsulated
graphene. However, the presence of certain molecules can actually enhance carrier mobility
[87]. There are in principle other physical mechanisms which can explain the high charge
order in molecular doped epigraphene, without requiring crystalline order of F4TCNQ
itself. For instance, the combination of low carrier density and increasing impurity
density, achieved through the addition of densely packed F4TCNQ molecules, can actually
suppress charge scattering in epigraphene if there is enough spatial correlation between
impurities [88, 89]. This is plausible in the case of F4TCNQ-PMMA, because the GIWAXs
measurements points to the possibility of PMMA acting as a template for the packing of
F4TCNQ, with a characteristic length scale of 6.6 Å. Another contributing phenomena
which can create low charge disorder, is thermally induced redistribution of charges in the
dopant accumulating layer, which when subjected to external electric field can potentially
screen charge inhomogeneity in doped epigraphene [90]. Indeed, the next section will
reveal that F4TCNQ molecules remain mobile in PMMA even below room temperature.

4.8 Redistribution of Dopants

In order to investigate the movement and redistribution of F4TCNQ molecules throughout
the PMMA matrix, a positive gate voltage was applied to a doped sample starting from
room temperature and kept on all the way down to 2 K, mimicking the measurement
in Figure 4.12. The effect of a positive VG is an increase in the n-doping level, which
leads to a decrease in the resistance. Once the sample was cooled down to 2 K, the gate
was abruptly turned off and consequently there was an immediate increase in resistance.
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However, it appears that some F4TCNQ molecules were frozen in place at cryogenic
temperatures, effectively retaining some of the initial external electrical field, because
the resistance does did return fully to its true non-gated value. Figure 4.14 shows an
example of the temperature dependence of resistance immediately after the gate has been
turned off. The resistance value started at point A and 2 K. The sample was first heated
up to point B, and then cooled down back to the temperature of 2 K. Any hysteresis in
resistance, a sign that F4TCNQ molecules are mobile, was monitored during this time.
The process was then repeated for progressively higher temperatures. Only once the
sample reached 250 K, did a clear hysteresis in resistance appear, with the new resistance
value at 2 K being point F. This higher resistance value implies that some of the trapped
field has been released due to charge redistribution. The sample was completely recovered
to its initial, non-gated state, by keeping it at 300 K for an extended period of time. This
is the first hint that F4TCNQ molecules are mobile in PMMA, far below the standard
annealing temperature of 160 ◦C. In fact, a much closer look at the data reveals that
there are signs of hysteresis at much lower temperatures, starting already from around
100 K.

Figure 4.14: An initial field of VG = +50 V is applied at 300 K and kept on during cool
down. Once the temperature is at 2 K, the gate is turned off and the resistance takes
the value at point A. Starting from point A at 2K, sequential temperature sweeps, trace
and retrace, are performed to successively higher temperatures and then back to 2 K. The
sweeps are performed to point B at 50 K, point C at 100 K, and point D at 150 K, but no
strong hysteresis occurs. Clear hysteresis in resistance can be seen starting only from 250
K, point E, after which the behavior in temperature is irreversibly switched from the black
curve to the red one, ending up in point F.

A more thorough measurement of the charge redistribution of F4TCNQ molecules
was performed by switching the gate voltage abruptly, while monitoring the transients in
resistance as F4TCNQ responded to the applied field. Figure 4.15 shows an experiment
where the gate voltage was abruptly set to VG = −5 V (the response is symmetric for
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positive gates) and the time evolution of zero-field resistivity ρXX was continuously
monitored. The negative VG reduces n-doping and increases the resistance for an initially
lowly n-doped epigraphene sample. The initial response to the gate was fast (< 2 s), and
includes the gate response of epigraphene itself, and other RC-constants etc. After the
first signal spike and the fast transients die out, a much slower transient emerges, which
was monitored for 200 s. ∆R is the change in resistance of the transient signal, w.r.t. the
initial value after the fast transients have passed. This slower transient is attributed to
the slower movements of F4TCNQ molecules. The measurement was repeated for several
different temperatures, from 200 K down to 100 K. As the temperature decreases the
time constant for the transient signal increases, which is consistent with the freezing of
F4TCNQ motions. At 113 K the molecules appear to be almost completely frozen, at
least on the time scale of 200 s. The typical time dependence was logarithmic for all
tested temperatures. According to literature, a logarithmic time dependence of charge
redistribution is typical for glass type (non-crystalline) disorder [91], which is expected
for polymer based dopant blends. Note that this type of measurement setup is sensitive
to time drift due to the small induced relative change in resistance (< 5 %), compared
to the large initial change immediately following the activation of the gate source. All
curves also have a slightly decreasing slope in resistance due to temperature drift in the
system, which is most noticeable for the ×10 zoomed in curve at 113 K. The thermal
energy scale for the earliest activation of F4TCNQ movement is kBT ≈ 10 meV, and is in
notable coincidence with the measured charge disorder ±9 meV from magnetotransport
at 2 K. This could possibly indicate that F4TCNQ is capable of screening charge disorder,
but only as long as they are still mobile. Below 113 K the F4TCNQ molecule freeze out,
and 10 meV worth of thermally activated charge disorder remains unscreened.

Figure 4.15: Left: Schematic representation of doped epigraphene device with an elec-
trostatic top gate. Center: Schematic representation of the gate-switching measurement
process. When gate voltage is switched to a negative voltage there is a spike in resistance.
After initial fast transients have settled down (< 2 s), a much slower and long-lived
transient appears. Right: Real measurement data show how the slower transient evolves
over 200 s. Note that the signal is weak and the relative change in resistance ∆R during
this time is < 5% of the total change immediately after the gate is switched on. The
transient shows logarithmic time dependence, and appears to freeze out at 113 K.
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4.9 Conclusions

In conclusion, F4TCNQ mixed with PMMA creates an effective dopant blend which
can be used to control the carrier density of epigraphene. The dopant blend can be
applied over large areas using simple spin-coating, and the final carrier density can be
tuned via thermal annealing. Chemical analysis using ToF-SIMS show that the dopants
diffuse through PMMA and spontaneously accumulate near epigraphene and form of
charge-transfer complexes, resulting in a p-doping effect. Molecular doping is capable
of tuning the carrier density towards p-type on the order of ∼ 1013 cm−2. Furthermore,
the doping is homogeneous with low charge disorder n ≈ 6 × 109 cm−2 or equivalently
∼ 9 meV, and high mobility µ ≈ 80 000 cm−2 at 2 K.

There are still many open questions regarding the details behind the doping methods
and observed charge homogeneity. While room temperature GIWAXs measurements
provide a hint about the packing density of F4TCNQ molecules, exact information
regarding their conformation and potential crystallinity is still lacking, especially at low
temperatures. For instance, it remains unconfirmed if F4TCNQ molecules can form
a crystallize layer when cooled down. Future experiments which could elucidate this
possibility could include cryogenic GIWAXs and cryogenic Raman spectroscopy [92]. No
matter which technique is employed, isolation of the buried accumulation layer from the
rest of the polymers layers above is crucial in order to extract the relevant signals. If
the buried accumulation could be physically exposed, then it would even be possible to
utilize scanning probe techniques with atomic resolution to directly probe the F4TCNQ
layer. Such experiments may prove impractical due to the volatile nature of exposed
F4TCNQ, and would probably require in-situ removal of the top polymer layers under
vacuum or an inert atmosphere. Another option is to look at a cross-sectional cut
of epigraphene, including all polymer layers, using high resolution transmission mode
microscopy (HR-TEM).

Beyond further experiments which complement this current work, the method of
introducing molecules to epigraphene through spontaneous accumulation has interesting
implications by itself. This type of method is in principle applicable to any combination of
suitable host polymers and molecules, as long as diffusion is allowed. Introducing certain
adatoms and molecules to graphene can have profound effects on its properties, opening
up avenues to explore magnetic order, spin-orbit-coupling, and topological insulators
[93]. Moving past graphene-based substrates, this method could be used to expand
the properties of 2D materials in general. One can fantasize about the creation and
investigation of new two-dimensional systems of ordered molecular arrays templated by
2D crystalline substrates [94, 95]. The possible combinations of polymers, molecules, and
substrates is nearly endless, which makes for an interesting, if not daunting, task for
future research.
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5 Quantum Resistance Standard

The field of metrology deals with the science of measurements, and it includes important
tasks such as the definition and realization of the international system of units (SI). The
primary standards of meter, second, ampere etc. are all kept and maintained in national
metrology institutes (NMI), and they serve as the primary reference which all instrument
calibrations can be traced back to. Calibration is important because it ensures that a
measurement is reliable, trustworthy, accurate, and consistent with other measurements.

For the typical end-user, their instrument will not be directly calibrated against a
primary standard, and they must make do with a less accurate working standard. The
primary standard is by definition the most accurate, after which comes the secondary
standard which is calibrated directly against the primary standard. Finally, the working
standard is produced by calibrating against the secondary standard. For each step in the
calibration chain, the standard accrues more measurement uncertainties. It is therefore of
practical importance to find ways to bring the primary standard closer to the end-user,
thereby decreasing the traceability chain and reducing calibration uncertainties. For
resistance metrology, this means that a practical QHR standard should be able to operate
without utilizing complicated and bulky laboratory equipment like those employed by
NMIs. Furthermore, the operation of such a system should in the ideal case be as simple
as pressing a single button. All of this would enable the user to directly calibrate their
instruments against a primary standard. The first steps towards realizing this goal was
made with the advent of QHR standards based on epigraphene, a project which started a
decade ago [14]. Epigraphene has the potential to fulfill this goal, because it can endure
larger bias currents, in combination with displaying QHE at higher temperatures and
lower magnetic fields compared to conventional materials [18, 19]. This can be considered
as the first, and to this day perhaps the only, real electronic application which utilizes the
unique properties of epigraphene to surpass conventional technologies.

Significant progress towards a working prototype epigraphene-based QHR system has
been made in recent years. A portable table-top cryogen-free cryostat system has already
been constructed, with an epigraphene QHR standard at its core. The fabrication of the
epigraphene chip is described in Paper A. In Paper B, the table-system demonstrated
QHE with metrological accuracy while operating at relatively relaxed conditions of 4.2
K and magnetic fields below 5 T [19]. In this first incarnation, there was still a need
for an externally connected CCC, so all necessary components were not fully integrated.
More work is required to combine all components into one complete package, and this
development is still ongoing. At the time, another problem was that the carrier density of
the epigraphene chip had to be tuned by corona discharge gating [41], which is unstable
at ambient conditions. As a consequence, every time the system was heated up, the
charge carrier density of the QHR standard needed to be adjusted anew to reach QHE
at the desired operating conditions. Tuning of the carrier density is not only required
for quantization at relaxed conditions of 4.2 K and 5 T, but is also crucial to optimize
the critical current to boost signal-to-noise ratio [19]. The added layer of complexity
in manual carrier density control may be acceptable for research purposes, but it is not
feasible in practice. This was the inspiration behind the search for novel techniques, which
are more stable and more reliable, to gain control over the carrier density of epigraphene.
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This endeavor eventually lead to the development of the molecular doping method which
utilizes F4TCNQ molecules mixed with PMMA presented in Chapter 4.

Armed with a potent molecular doping method, it was finally time to tackle the initially
proposed challenge of achieving a practical QHR standard based on epigraphene. In order
to truly test the metrological viability of the F4TCNQ doping method, the quantized value
of RXY = h/2e2 for doped epigraphene was compared to a conventional well-established
GaAs based QHR standard. One potential concern is that the accumulation layer of
F4TCNQ molecules can cause a resistive leakage in parallel with epigraphene, which
would spoil the accuracy of quantization. To be able to meet the strict requirements for a
viable QHR standard, these measurements required a CCC (Chapter 3.4.5) in order to
achieve precision measurements with uncertainty on the order of nΩ/Ω (part-per-billion).

This section discusses the metrological trials using two doped epigraphene QHR
standards, tested independently at two separate NMIs. It covers the results presented in
Paper D, including sample preparation, initial characterization, comparison with GaAs
standards, and long-term stability of doping.

5.1 Sample Preparation

Figure 5.1: Left: Optical micrograph of a graphene QHR device, showing the connec-
tion setup for QHE measurements and magnetic field BZ direction. Right: Schematic
representation of doped epigraphene, which uses five polymer layers for higher device
stability.

For real-world metrological applications of epigraphene QHR standards, the optimal
carrier density is on the order of n ≈ 2 × 1011 cm−2. The reason is that this level of
carrier density will ensure that the critical current IC is maximized for relaxed operating
conditions of 4.2 K and 5 T [19]. All of the samples in this current section were prepared
using a full five polymer layers, PMMA-Dopant-PMMA-Dopant-PMMA, for added long-
term stability and device lifetime (see Figure 5.1). Each polymer layer requires 5 min of
annealing at 160 ◦C by default, and in order to reach optimal carrier density an additional
15-20 min of annealing is added on top. If the carrier density is not satisfactory, the
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doping level can always be fine-tuned by annealing at 160 ◦C in smaller time increments
2 − 5 minutes and performing a Hall measurement, repeating until the desired carrier
density has been reached. The fabrication process is reproducible enough that it typically
takes two QHE measurements at cryogenic temperatures to reach the optimal carrier
density. The variance in annealing time comes mainly from the degradation of the dopant
blend mixture, which loses potency over time.

Two separate devices were prepared in nominally the same way with device geometries
like Figure 5.1, intended for precision measurements at two different NMIs. The first
sample is called G-RISE, and it was tested at the Research Institutes of Sweden (RISE),
measured in a standard liquid helium cryostat, with base temperature 1.9 K and equipped
with an 11 T superconducting magnet. The second sample is called G-NPL, and it was
tested at the National Physical Laboratory (NPL) using the small table-top mechanical
cryostat, with a base temperature of 4 K and a magnetic field up to 5 T [19]. The carrier
density for G-RISE was initially tuned to n = 1.3× 1011 cm−2, while G-NPL was tuned
to n = 1.6× 1011 cm−2.

5.2 Initial Characterization

Figure 5.2: Left: Schematic of a epigraphene Hall bar with numbered contacts. The
voltage connection scheme shows a standard QHE configuration. Right: Measured contact
resistances for each contact (except pad 5). The measurements were performed using
three-probe configuration in the QHE regime. All contacts resistances are below 1 Ω for
bias currents below 100 µA.

Before the samples were sent to the two NMIs, they were tested at Chalmers to confirm
that the QHE is well-developed. Although the measurement setup at Chalmers is not
as suited for precision measurements, it is relatively easy to verify that RXY = h/2e2

and RXX = 0, within an uncertainty of µΩ/Ω, or part-per-million accuracy. The serious
metrological trials were then performed at the NMIs, following well-established guidelines
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Figure 5.3: Left: Longitudinal resistance RXX versus bias current in quantum Hall state.
The red and black dots correspond to different sides of the Hall bar. Right: Critical current
IC extracted from measurements at different magnetic fields for G-NPL and G-RISE
samples.

for DC quantum resistance metrology [60]. The samples were brought into the quantum
Hall regime, and first tested for faulty contacts using a three-probe configuration as shown
in Figure 5.2. Note that while the displayed data is only for G-NPL, G-RISE showed
comparable performance. All measured contact resistances for both samples were around
1 Ω or below, which is below the recommended maximum value of 10 Ω, needed to
achieve metrological accuracy of QHE. The contact resistance is typically measured as
a function of bias current, and at come critical bias current IC the measured resistance
starts to increase above its constant value, which is a sign of breakdown of QHE due to
overheating of the electron system. However, the finite contact resistance masks the true
onset of the breakdown, and IC is better measured using RXX .

A precision measurement of RXX in quantizing conditions is always performed in
parallel with the contact resistance measurements, and serves as another check of the
quality on the QHE and a more accurate way to measure IC . The data in Figure 5.3
shows a measurement of RXX performed on both sides of the same G-NPL Hall bar.
The red dots show that the measured resistance disappears into the noise level, below 10
nV, at a critical current level of IC ≈ 60µA. The black dots show an apparent residual
resistance of 1 mΩ, but this was due to ground leakage currents [60], and it disappeared
when Contact 1 was grounded instead of Contact 0. The critical currents were extracted
for both samples at different magnetic fields, and they are well-above the metrologically
useful currents of 10µA starting from 3-4 T, depending on the sample. The discrepancies
between samples is attributed to differences in charge disorder and carrier density.
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5.3 Measurements at National Physical Laboratory

Figure 5.4: Comparison measurements between GaAs and G-NPL, via a 100 Ω standard.
Left: The data shows a A-B-A type measurement where the linear drift of the measurement
is compensated for by switching between G-NPL and GaAs QHR standards. The y-axis
plots the relative deviation of the 100 Ω standard from its nominal value as compared to
the QHR standard. The black line is a linear fit to G-NPL data and the green square is the
mean value of GaAs deviation at mean measurement time. GaAs was measured at < 0.3 K,
with a magnetic field at 9.4 T. G-NPL was measured at 4 K and a magnetic field of 4.9
T. The bias current was 23µA for both samples. Right: Allan deviation measurement for
the three data blocks, GaAs and two G-NPL. The solid black line shows that the Allan
deviation decreases with time ∝ 1/

√
t, indicating that white noise dominates.

The initial characterization in the previous section confirms that samples pass the
recommended criteria for reliable QHR measurements. In order to further probe the
accuracy of the quantization of doped epigraphene QHR standard, a high precision
measurement using CCC (Section 3.4.5) is needed. Of special interest is whether the
presence of the dopant accumulation layer can spoil the accuracy of quantization, for
instance by providing a parallel conducting channel to epigraphene. This kind of leakage
can be detected in 2DEGs like GaAs, by comparing the ν = 2 and ν = 4 quantized RXY
plateaus, but this is not possible in epigraphene since only the robust ν = 2 is typically
observed. Instead, epigraphene was indirectly compared to a well-tested GaAs sample
(in use for 20 years), by comparing the two in quantized conditions to a 100 Ω standard
(Tinsley Evanohm).

Measurements at NPL used two dedicated systems, one cryostat for GaAs QHR
standard and one table-top cryostat for doped epigraphene QHR standard. This allowed
for quick alternating CCC measurements between G-NPL and the 100 Ω standard, GaAs
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and the 100 Ω standard, and then back to G-NPL again. This type of A-B-A measurement
allows for the elimination of temperature drift and short term drift of the 100 Ω standard,
which is kept in a thermostated enclosure with a temperature stability of mK over days.
However, one drawback is that any potential leakage in cryogenic wiring can be different
between the two cryostats, and may impact the comparison measurements. Fortunately,
the leakage in the GaAs system has previously been measured to contribute only 10 pΩ/Ω
relative uncertainty to a QHR comparison measurement, while the table-top system has
been shown to contribute only 0.1 nΩ/Ω relative uncertainty.

Both QHR standard were brought into the quantum Hall state, with ν = 2, RXY =
h/2e2. GaAs was measured at temperatures < 0.3 K and a magnetic field of 9.4 T, while
G-NPL was measured at 4 K and 4.9 T. The CCC bias current was 23µA for both
samples. Figure 5.4 shows the results of the lengthy comparison measurement. The
y-axis plots the measured relative deviation of the 100 Ω standard from its nominal value
of 100 Ω, as compared to the QHR standard which is assumed to have a resistance of
exactly h/2e2. Each data point consists of 54 s of CCC data averaging, and the data
series shows a clear linear drift in time. This data set is used to calculate the mean
difference between G-NPL and GaAs comparison measurements, i.e. how well they agree
with each other. A linear fit to G-NPL is calculated from the two blocks of data, and
the value of this fit at the mean measurement time of the GaAs data (x-value at green
square) is compared to the mean value of the GaAs data (y-value at green square),
thus eliminating the linear drift contribution. The final mean difference, including the
expanded uncertainty containing the measurement error for GaAs and error in fitting to
G-NPL data, is ∆Gr−GaAs = 1.02±1.42 nΩ/Ω, including two standard errors of the mean.
The quantization of G-NPL agrees well with GaAs, which demonstrates the viability of
F4TCNQ doped epigraphene in quantum resistance metrology.

The previous calculations of the final mean difference between GaAs and G-NPL
QHR standards assumes that the measurement uncertainty comes from uncorrelated
white noise. This assumption is tested in Figure 5.4, which shows the calculated Allan
deviation [96] for each of the three CCC data sets (1st G-NPL, GaAs, then 2nd G-NPL
measurements). The fit shows that the Allan deviation decreases with time ∝ t−0.5,
which signifies that uncorrelated white noise is the dominating source of measurement
uncertainty. This means that the uncertainty can in principle be decreased through
additional averaging. The noise level is then ideally limited only by resistive noise of
the resistors, which in the case for a QHR standard at 2 K and 100 Ω resistor at room
temperature is around 2 nV/

√
Hz. This corresponds to a relative uncertainty contribution

of 1 nΩ/Ω for a 100 s long measurement at 23µA. The measured Allan deviation shows
a noise level almost an order of magnitude higher, which can be attributed to excess
electromagnetic interference from ambient noise sources present inside the laboratory.
For a longer measurement periods above 6 hours, the final uncertainty reaches < 1 nΩ/Ω,
which is a sufficient demonstration of the accuracy of doped epigraphene QHR standard,
which meets all requirements for use in resistance metrology.
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5.4 Measurements at Research Institutes of Sweden

In contrast to NPL, G-RISE was compared to a well-known GaAs QHR standard (20
years of service) sequentially using the same cryostat. The advantage of this approach is
that any leakage in the measurement wiring will be ideally canceled out when comparing
the two different samples. The drawback is that the samples have to be swapped out
which takes a considerable amount of time, and increases the effect of time drift. The
CCC measurement was performed using a 100 Ω resistor (Tinsley), stored in an oil bath
of 25 ◦C and ∼ 1 mK long-term drift. The short-term instability can be either be taken
into account by adding an estimated uncertainty of 3 nΩ/Ω, or performing an A-B-A type
measurement.

Figure 5.5: Comparison measurements between GaAs and G-RISE, via a 100 Ω standard.
The data shows a comparison measurement spanning one year, showing that both long
term and short term drift are low. The y-axis plots the relative deviation of the 100 Ω
standard from its nominal value as compared to the QHR standard. The black line is a
linear fit to two G-RISE data blocks, used to eliminate short-term linear drift. The two
green circles are are the mean value of GaAs and G-RISE deviation at mean measurement
time for each data block, with error bars representing two standard error of the mean.
GaAs was measured at < 2 K, with a magnetic field at 9.65-9.95 T. G-RISE was measured
at 4.2 K and a magnetic field < 5 T. The bias current was 23µA for both samples.

Figure 5.5 shows two measurements sequences, performed one year apart. Each data
point represents one full, current reversed, CCC measurement cycle. The initial two day
measurements yield a rough mean relative deviation of G-RISE compared to GaAs on the
levels of ∆Gr−GaAs = 7.2 ± 7.4 nΩ/Omega, including two standard errors of the mean.
The expanded uncertainty includes the measurement error, and the added uncertainty
from the estimated instability of the 100 Ω standard. The second set of measurements
were performed one year later, and used the A-B-A-B type scheme in order to eliminate
short term linear drift. Since there was only one cryostat available, the samples had to be
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switched out and measured in sequence over a period of 10 days. Fortunately, the drift
of the 100 Ω standard appeared to be linear within this time span. Due to the lengthy
time between measurement blocks, the analysis is slightly different compared to G-NPL.
Only the last two measurement blocks for GaAs and G-RISE are considered, since they
were measured closest in time and this reduces the error introduced by linear fitting.
Additionally, over 70% of the data point are located in these last blocks, which give them
more weight when considering the mean deviation. Although the short-term drift was
estimated only for the last two data blocks, the fitted line still passes relatively close to
the mean of the other two data blocks. The final mean difference between GaAs and
G-RISE, including the expanded uncertainty consisting of measurement error of GaAs
and error from fitting to G-RISE data, is ∆Gr−GaAs = 0.19± 4.81 nΩ/Ω, including two
standard errors of the mean. This is another, independently verified, demonstration of
the viability of doped epigraphene as a QHR standard.

Figure 5.6: Left: Extended measurement series for G-RISE performed over 20 hours.
Each data point represents a measurement period of 12 min. Right: Allan deviation
calculated from the G-RISE data. The solid black line shows that the Allan deviation
decreases with time ∝ 1/

√
t, indicating that white noise dominates.

Analogous to G-NPL, the G-RISE sample also underwent noise characterization to
determine the Allan deviation and the dominant noise source. Figure 5.6 shows an
extended CCC measurement series for over 20 hours. The resulting Allan deviation
reveals once again that uncorrelated white noise is dominant, and that after 6 hours
the final uncertainty reaches < 1 nΩ/Ω, which is a suitable device accuracy for QHR
standards.
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Figure 5.7: Left: Time evolution of carrier density monitored for two doped epigraphene
QHR devices. The blue and red data represent devices kept primarily in vacuum or nitrogen
respectively. The black lines are linear fits to the doping drift in time. The green zone
marks the metrological useful carrier densities, which ultimately limits device lifetime.
Right: Relative change in carrier density versus time. The blue and red data respectively
show a relative change of 0.05 % and 0.02 % from initial carrier density per day.

5.5 Long-term Stability

The two previous section demonstrate that doped epigraphene is suitable for QHR from
an accuracy point of view. For real-world applications, it is also desirable that the samples
have a long life time. For example, the two tested GaAs chips have both been used for
decades. Doped epigraphene has already shown potential, and Figure 4.7 shows that long-
term doping stability is possible. Furthermore, the G-RISE sample retained metrological
accuracy for over a year and counting. To further investigate the ultimate device lifetime,
two other samples were kept in different environments and their the carrier densities was
periodically monitored over three years. Figure 5.7 shows data for one sample kept in
vacuum (blue) and one kept in nitrogen gas at room temperature (red), with samples
occasionally brought out into ambient only for QHE measurements. The nitrogen sample
was initially doped to n = 5.4× 1010 cm−2 and has a relative drift in carrier density of
0.02 % per day. The vacuum sample was initially doped to n = 1.63 × 1011 cm−2 and
has a relative drift in carrier density of 0.05 % per day. The device lifetime is set by
its metrological usefulness, and from critical current considerations the carrier density
needs to be high enough that a current of > 10µA can be used, and low enough that
QHE can develop at least 4 K and 5 T. This puts constraints on the range of allowable
carrier densities [19], which is illustrated using the marked green region in the plot. With
the current linear drift, the nitrogen sample has an expected life time of 20 years and
the vacuum sample 4 years. The life time is however highly dependent on the initial
carrier density, and it appears that lower carrier density, despite not being optimal for
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maximum critical current, may be used as a compromise to extend lifetime. The nature
of the observed drift towards higher n-doping is not entirely known, but it is likely due to
slow degradation of F4TCNQ dopants. It is observed that samples covered with a thinner
polymer layer (two layers instead of five) are less stable. Additionally, samples kept
outside in ambient conditions and exposed to air become slowly more p-doped, consistent
with what is observed for ambient doping of pristine epigraphene [55].

5.6 Conclusions

In conclusion, the F4TCNQ dopant blend method was used to fabricate epigraphene
QHR standards. The results of two independently performed metrological trials, prove
that doped epigraphene is viable for quantum resistance metrology with part-per-billion
accuracy of quantization. There was no observed significant adverse effect due to the
F4TCNQ accumulation layer. The molecular doping method allows for reliable carrier
density control, which enables epigraphene QHR standards to operate at relaxed conditions
of 4 K and below 5 T. Finally, the doping level appears to be stable over three years and
counting, with projected device lifetimes potentially exceeding decades.

The two tested samples are currently kept at the respective NMI, to undergo continuous
tests in a metrological environment. The samples have started to be used for real-life
resistance calibrations, and calibration of certain industrial instruments can already be
traced back to an epigraphene QHR standard. What remains to be seen is whether the
doping levels remains stable over the long run, and how its linear drift will change over the
years, especially after repeated use and thermal cycling. There was a noticeable difference
in the doping drift depending on the storage environment, and this is something that can
be investigated further in order to find the optimal storage conditions.

Regarding new developments, work has started on developing new methods to increase
the long-term stability of F4TCNQ dopants. While doped epigraphene has yet to
approach the lifetimes of established GaAs based 2DEGs, the potential is there. The
room temperature ambient stability can be improved even further by hermetic sealing of
the devices, and researching different encapsulation layers. Since F4TCNQ can diffuse
through PMMA it is not surprising that samples drift in time. However, there are other
materials which are impermeable to diffusion of F4TCNQ. One example which has already
been experimentally confirmed is PMGI (polydimethylglutarimide) based LOR-resist.
Whether this, or other encapsulation methods such as metals, will truly improve doping
stability and device lifetime remains to be explored.

Another practical improvement is to scale the process up to large array of epigraphene
QHR standards. This is useful in order to facilitate resistance calibrations over a broad
range of resistance values [97, 98]. Arrays of QHR standards will test the limits of
reproducibility of fabrication methods, and the large-scale homogeneity of molecular
doping.
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6 Epigraphene Hall Sensors

Hall sensors are magnetometers which detect magnetic fields via the classical Hall effect
(see Chapter 2.3.1). These types of sensors are ubiquitous in modern society and are
commonly used for precise position detection. They see extensive use in major markets
such as the automotive industry, marine industry, and consumer electronics. One common
application of Hall sensors is for instance in the navigation systems used in vehicles and
smartphones. The most widely used Hall sensor are based on silicon (Si), and they have
a widespread appeal due to well-established and low-cost production methods [99–101].
Sensors made from Si are however limited in terms of device sensitivity, and for increased
performance III-V materials such as InSb or GaAs are used instead [102]. These Hall
sensors have much higher sensitivities, but one drawback is that their performance often
decreases rapidly at elevated temperatures beyond the common automotive and military
operating range > 125 ◦C [102–105]. There is a need for sensitive Hall elements which
are more resilient to harsh conditions and high temperatures, and this demands the
exploration of other materials. For a more in-depth look at Hall sensors see reference
[102].

Hall sensors detect magnetic fields by measuring the Hall voltage VH induced by
an external field B. High device sensitivity is important because it leads to a large
magnitude of the VH response to an external field, relative to some bias current IB or
voltage VB . There exist three important material-related sensor metrics which quantify
the performance of a Hall sensor. The first is the current-related sensitivity SI = | VHBIB |
(units V/AT), which is essentially determined by the Hall coefficient RH (units Ω/T). The
second is the voltage-related sensitivity SV = | VHBVB | (units V/VT), which is ultimately

limited by the carrier mobility µ = RH/ρ (units m2/Vs). The third and final one is the
magnetic field detection limit BMIN = VN

IBRH
(units T/

√
Hz), where VN is the voltage

spectral density (units V/
√

Hz).

Epigraphene posses many qualities which make it a natural candidate for high-
performance Hall sensors, especially when combined with the molecular doping method
presented in Chapter 4. The carrier density n can be now be tuned, and if it is brought
close to the charge neutrality point the Hall coefficient increases as RH = 1/ne, which
leads to an increase in sensitivity SI . In real graphene samples there is charge disorder
(charge puddles) which limits how close one can come to charge neutrality point [43], but
the molecular doping method is known to produce homogeneously doped samples rivaling
even the best graphene samples in literature [106]. Epigraphene also has a relatively
high carrier mobility, which is optimal for sensitivity SV . Moreover, since the mobility is
inversely proportional to carrier density, doping graphene close to neutrality is beneficial
for both SI and SV . However, decreasing n will also lead to an increased sheet resistance
ρ, which contributes to increased device noise VN due to e.g. Johnson-Nyquist noise, and
this may negatively impact the magnetic field detection limit BMIN . Finally, epigraphene
is known to be compatible with high-temperature operations [107], but this might degrade
the doping method.

The balance between carrier density and resistance, alongside the interplay between
high temperature operation and stability of molecular doping, are all explored in this
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chapter. The following sections provide a thorough investigation of the behavior of doped
epigraphene Hall sensors for different carrier densities, under both ambient conditions and
elevated temperatures. It reveals the merits of doped epigraphene Hall sensors, and how
they can perform as sensitive Hall elements with a record-low magnetic field detection
limit compared to any graphene-based sensor. Furthermore, the Hall sensors show promise
for operation at elevated temperatures, with stable operation tested up to least 150 ◦C,
while maintaining a respectable sensor performance. This work is based on the results
presented in Paper F.

6.1 Sample Preparation

Figure 6.1: Left: Optical micrograph of a sample containing multiple epigraphene Hall
sensor devices. The grayscale transmission mode micrographs show the two different device
geometries: square or cross. Right: The QHE is used to verify the electronic quality of
doped epigraphene Hall sensors. The inset shows four numbered contact pads used for van
der Pauw (vdP) measurements. For quantum Hall measurements, RXY can be measured
by using 1-3 for current biasing, and 2-4 for voltage measurements. For measurements of
ρXX , one can use 2-3 for current bias, and 1-4 for voltage measurements.

In total, seven different epigraphene Hall sensors were studied, spread across four
separate chips. The Hall sensors were designed using symmetric square or cross shapes
device geometries, which is optimal for maximal SV [108, 109]. Figure 6.1 shows two
examples for epigraphene Hall sensors. Each Hall sensor was equipped with four electrical
contacts, and van der Pauw (vdP) measurements were used to extract carrier density n
and sheet resistance ρ. QHE was measured at cryogenic temperatures to ensure that the
doped Hall sensor was of high electronic quality, with uniform doping.

6.2 Carrier Density Tuning

The samples were doped using five polymer layers for maximal stability, and their final
carrier densities were tuned to a wide range of values in order to cover performance over
a broad spectrum. Figure 6.2 shows the the range of attained carrier density, and the
respective values for RH and ρ. The performance of doped epigraphene Hall sensors
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Figure 6.2: Carrier density tuning of doped epigraphene Hall sensors at room temperate.
Left: The evolution of RH versus ρ as the carrier density of epigraphene passes through
the Dirac point. The purple region denote the disordered puddle regime. Middle: RH and
ρ versus carrier density, showing that both have the same dependence on carrier density
∝ 1/n. The data points inside the puddle region have been omitted. Right: RH and µ
versus carrier density. Carrier mobility shows a downturn starting even before the carrier
density enters into the puddle regime.

were considered for doping levels ranging from n = 5× 1011 − 2× 1012 cm−2. The lowest
doping level marks the size of the charge puddle regime, which is |n| < 5× 1011 cm−2, and
is limited by the room temperature disorder. Inside the puddle regime, the singe-band
carrier density is poorly defined and is therefore omitted from the plot. In order to avoid
this problem, future data are plotted against RH instead if possible.

6.3 Device Linearity

For practical applications of Hall sensors, the sensor output should ideally be linear with
the input bias current and magnetic field. Operating in the linear regime makes data
analysis significantly easier, and it is important in order to achieve high sensor accuracy
without the need for complicated electronics.

Figure 6.3 shows the linearity of the transverse resistance RXY , which is the same
as VH/IB , measured versus magnetic field. There is a clear onset of non-linear response
of RXY as the magnetic field B increases. To quantify the non-linearity, the measure
linearity error ∆LIN is used. It is defined as the relative deviation of the raw data RXY (B)
from the linear fit F (B), normalized by the fit itself as ∆LIN = |(RXY (B)−F (B))/F (B)|.
An alternate measure uses the full scale fit value in the denominator instead ∆LIN =
|(RXY (B)− F (B))/F (BMAX)|, which eliminates potential low-field singularities due to
F (B) = 0. In the low field range of |B| < 0.5 T the linearity error is � 1% for all carrier
densities. For low doping (RH = 1284 Ω/T) the linearity error remains within 5% in a
range of magnetic fields B = ±1.2 T. For high doping (RH = 949 Ω/T) the linearity error
remains within 5% in a range of magnetic fields B = ±6 T. The non-linearity helps define
the operating regime, whose operating magnetic field range is ultimately dependent on
the sensing requirements. Typically for regular commercial sensors a linearity of error of
5% is acceptable, while precision sensors can have a linearity error < 1% (e.g. Honeywell).
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Figure 6.3: Hall measurements showing the (non)linearity of RXY versus applied magnetic
field. In the low-field regime |B| < 0.5 T the response is highly linear, as demonstrated by
the dotted line linear fit. The inset shows the behavior up to 13 T for two different doping
levels. the non-linearity grows at higher magnetic fields, and it also grows as the carrier
density decreases. All carrier densities and mobilities are extracted from low-field linear
fits only.

The non-linearity of RXY manifests itself as approximately RXY ∝ B2, and this is a
known effect arising from geometrical and material correction effects [102].

Figure 6.4: Left: Hall voltage versus bias current for high and low doping, at fixed
magnetic field. The dotted black lines are linear fits to low current data |IB | < 0.5 mA.
The non-linearity increases as doping decreases. Right: Linearity error calculated for both
longitudinal voltage and Hall voltage versus bias current. The black curves are parabolic
fits which show that both scale ∝ I2

B.

In addition to linearity in magnetic field, the linearity of VH with bias current was
also investigated. Figure 6.4 shows current-voltage (I-V) characteristics for Hall voltage
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VH . Similar to high magnetic field, at high bias currents there is a clear non-linearity in
Hall voltage, which also increases as the carrier density decreases. The linearity error
is below 5% for IB < 2.5 mA for the whole range of tested carrier densities. For most
measurements, the current was limited to < 1.5 mA in order to ensure a linearity error
< 2%. The origin of this non linearity can be attributed mainly to the influence of a
longitudinal voltage component, which has a current dependence due to Joule heating,
added to the Hall voltage. Figure 6.4 shows the linearity error (scaled to full range
value of the fit) for simultaneous measurements of Hall voltage and longitudinal voltage
(RH = 900 Ω/T). Their dependence on bias current is the same ∝ I2

B, i.e. linear in
applied power, which points to Joule heating.

6.4 Device Offset

Figure 6.5: Offset voltage for VOFF measured at zero magnetic field. The data was
collected across a total of seven devices with either square (sq) or cross (cr) geometries.

In both of the above measurements of Hall voltage VH , there exists an offset voltage
at zero magnetic field and current. This is problematic for practical applications because
it may dominate a weak measurement signal and saturate amplifiers in external circuitry.

The offset at zero current is commonly due to thermal electromotive force (EMF) due
to the Seebeck effect, which can be eliminated by current reversal techniques. Thermal
EMF is present in all systems, for instance due to various wire interconnects, and it is
not necessarily intrinsic to the epigraphene devices. The measured offset at zero bias
in the above I-V data is ∼ 10µV, which is on the same order with what is observed for
commonly paired metals ∼ 1− 10µV/◦C (Fluke thermocouple).

The most significant offset for Hall sensors is the zero-field offset voltage VOFF , which
arises due to geometrical correction effects and material inhomogeneity. Figure 6.5 shows
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the measured VOFF for many different devices and geometries. While there is no clear
trend between cross or square shape geometries, the carrier density does play a role, with
the offset increasing with decreasing carrier density in general (black data points). This
is a consequence of the relationship between carrier density and resistivity. On average,
the offset voltage is ∼ 1 mV across a wide range of carrier densities. Note that these
measurement were performed inside a depowered coil magnet with nominally zero field.
However, a remnant magnetization on the order of 1 mT could still be detected, which
skews the data somewhat towards higher offset voltages by ∼ 100µV. Many practical
applications utilize various offset compensation schemes to combat the influence of VOFF .
When the doped epigraphene Hall sensors was measured using Van der Pauw averaging,
in combination with orthogonal coupling of two identical Hall sensors (requires uniform
doping) [102], the final offset was readily reduced to < 1µV. Furthermore, current
spinning techniques is commonly used to eliminate offset entirely for practical applications
[102].

6.5 Noise Characterization

Figure 6.6: Left: Noise spectral density VN versus frequency measured at fixed current,
but with different doping levels. The blue curve is the measured base line noise of the
amplifier. The dotted lines are calculated noise levels assuming purely thermal noise of
a resistor (including amplifier noise). The corner frequency for 1/f-type noise for low
current bias is below 100 Hz. Note that noise peaks related to power lines (50 Hz etc.)
have been partially filtered out digitally. Right: Noise spectral density versus frequency
for the lowest doping level at different bias currents. The dotted vertical lines indicate
two frequency cuts (10 Hz and 30 kHz) where the noise spectral density is plotted versus
bias current (inset).

The noise performance of a sensor has a large impact on the detection limit. For Hall
sensors, the minimum detectable magnetic field is BMIN = VN

IBRH
where VN is the voltage
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spectral density. Figure 6.6 shows the noise characteristics for epigraphene Hall sensors.
The noise was measured by biasing the Hall sensor using a battery source and sampling
the zero-field Hall voltage (basically VOFF ) at 200 kHz. The frequency is limited by the
100 kHz bandwidth of the amplifier (DLPVA-100-F-D from Femto Messtechnik GmbH),
which has a measured input noise of 9 nV/

√
Hz. The first plot shows the measured device

noise as a function of three different doping levels, using a low current bias of 10µA.
The corner frequency of the 1/f -noise is below 100 Hz, with the noise quickly saturating
at higher frequencies. The noise dip towards 100 kHz occurs because the frequency
approaches the bandwidth limit of the amplifier. The noise base level increases as the
carrier density decreases (resistance increases), which points to thermal noise of resistor
being the dominant noise source. This is further confirmed because the calculated thermal
noise derived from measurements of the input resistance of the Hall sensor matches the
direct noise measurements, including amplifier noise (dotted lines). There is a slight
discrepancy between the theoretical value and the measurement data, but this is likely
due to other noise sources stemming from the measurement setup itself.

Figure 6.6 also shows that the noise amplitude scales with bias current. Hooge’s
empirical noise relation [110] states that for noise stemming purely from resistance
(carrier density) fluctuations, the noise voltage spectral density scales linearly with bias
current as VN ∝ IB. The full equation is ( VN

IBR
)2 = αH

Nf , where R is the device input
resistance, N the total number of available carriers, f frequency, and αH the Hooge
parameter, which is a measure of the noisiness of a system. The plot in the inset shows
that the noise amplitude scales roughly linearly with bias current, especially at higher
frequencies. The deviation from ideal linear behavior can be attributed to joule heating
[111] and carrier density excitations [112], both which are not taken into account in
Hooge’s model. The Hooge parameter can be estimated by taking a linear fit to VN
versus IB , and using the corresponding input resistances (3500− 7000 Ω), carrier densities
(4.4× 1011 − 1.38× 1012 cm−2), device area (100× 100µm2), and frequency (3 kHz). The
resulting Hooge parameter is in the range of αH ≈ 10−5 − 10−4, depending on doping
level. For comparison, this is lower than reported values for even suspended graphene
samples[113], and comparable to GaAs [114], which means that the noise level for doped
epigraphene Hall devices is excellent.

6.6 Figures of Merit

The aforementioned measurements investigated the carrier density, mobility, and noise,
and they all culminate in the calculation of the three important figures of merit for Hall
sensors: SI , SV , and BMIN . Figure 6.7 show the collection of figures of merits obtained
from all seven tested epigraphene Hall sensors, at various doping levels.

Since SI is essentially the same as RH , the data set (orange region) fall on a straight
line with unity slope. SI is maximized at the lowest doping possible, same as where
RH is maximized. The best value of SI ≈ 1440 V/AT is limited by the observed charge
disorder at room temperature, which sets the minimum attainable carrier density to
|n| < 5× 1011 cm−2. SV is related to the carrier mobility, and makes an arc shape (purple
region) as a function of RH . The shape is a direct consequence of how sheet resistance
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Figure 6.7: Left: Figures of merit SI and SV versus RH , collected from seven Hall
devices with various doping levels. Right: Minimum field detection limit BMIN versus
bias current at 3 and 20 kHz. The observed local minimum at around 0.5 mA is due to
the non-linear evolution of voltage spectral density with bias current. The best value is
BMIN = 27 nT

√
Hz, for RH = 1400 Ω/T at 20 kHz.

depends on doping (Figure 6.2). SV is maximized when mobility is the highest, which
occurs just outside the puddle regime. At RH ≈ 1000 Ω/T, the highest value is SV = 0.23,
which in terms of mobility is µ = 2300 cm2/Vs.

BMIN is calculated directly from noise characteristics like those shown in the inset of
Figure 6.6, which means that it also includes external noise sources from the measurement
setup. The detection limit is a measure of the minimum detectable magnetic field limited
by device noise, and is therefore the practical detection limit for a Hall sensor. BMIN is
in general lower (i.e. the best performance) for lower doping levels, and higher frequencies.
The sensor frequency of 3 kHz is used for fair comparison with other graphene-based
Hall sensors, but there is no practical reason for that limit, and performance is even
better at 20 kHz and onward. BMIN also depends on the bias current, with an observed
local minimum point around 0.5 mA for the studied samples. The appearance of a local
minimum is due to the experimentally observed non-linearity of voltage spectral density.
In the ideal case of perfectly linear voltage spectral density versus bias (Hooge type),
BMIN should theoretically change monotonously as 1/IB .

Table 6.1: A comparison table over figures of merit for room temperature Hall sensor
performance. The entries in the last two rows show examples of doped epigraphene Hall
sensor performance taken from this work.

Type SI (V/AT) SV (V/VT) BMIN (nT/
√

Hz) Freq (kHz)

Si[102, 115] 100 0.1 50− 500 0.1-100
Continued on next page
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Table 6.1 – Continued from previous page

Type SI (V/AT) SV (V/VT) BMIN (nT/
√

Hz) Freq (kHz)

InSb[102–105] 140− 700 1− 7.2 1− 60 0-50
GaAs[102–105] 30− 3200 0.6− 1 10− 6000 0-50
hBN-G[116] 4100 2.6 50 3
CVD[112] 2093 0.35 100 3
CVD[117] 1200 N/A 300000 3
CVD[118] 97 0.03 400000 1

Epigraphene[119] 1021 0.3 2000 3
Doped Epi 1080 0.23 60, 40 3, 20
Doped Epi 1442 0.21 47, 27 3, 20

Table 6.1 shows a collection of Hall sensor figures of merits. The two entries which represent
doped epigraphene Hall sensors are chosen to either maximize SV or SI . Compared to other
reported graphene Hall sensors, doped epigraphene compares very favorably, especially
in terms of BMIN . The minimum detectable magnetic field BMIN is in essence what
will limit the sensitivity of a practical sensor, since it takes into account the device noise.
Of special note is that epigraphene can match, and even exceed, the detection limit
of hBN-encapsulated graphene flakes, which is typically the graphene with the highest
electronic quality. The value of BMIN = 27 nT

√
Hz, for RH = 1400 Ω/T at 20 kHz is

the best reported value in literature for graphene thus far. Epigraphene also compares
favorably to common commercial Hall sensors like Si. However, ultra-sensitive InSb and
GaAs Hall sensors can still be superior when it comes to detection limit, at least at room
temperature.

6.7 Thermal Stability

Another important aspect of a Hall sensor is its performance at elevated temperatures. All
Hall sensors degrade in performance as the temperature is increased, due to a combination
of factors such as reduced Hall voltage and increased thermal noise. For commercial
sensors, this degradation is usually expressed as a temperature coefficient ∆T , which
is defined as the percentage change in Hall voltage (or resistance) relative to its room
temperature value per Celsius.

For doped epigraphene Hall sensors, the measurement of the temperature coefficient is
not as straightforward, especially at elevated temperatures. This is because annealing
can induce a permanent doping change, which is normally intentionally exploited to tune
the initial device carrier density. However, this is problematic for a sensor since the
performance will at some point suffer from hysteresis in temperature. The temperature
coefficient should ideally be defined only for temperature regimes where there is no
permanent doping change during thermal cycling.

The heating of doped epigraphene Hall sensors was investigated using in-situ sample
heating by a ceramic heater. The temperature was tracked using an on-chip diode
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Figure 6.8: Left: Example of Hall measurement with in-situ heating for an initially
p-doped sample RH ≈ 1000 Ω/T. The heating occurs in steps, with the sample being
heated at elevated temperatures for 10-15 min before it is allowed to cool down to room
temperature. The Hall voltage is monitored in real time using a fast sweeping coil magnet.
The doping changes as the temperature does, but returns to its room temperature value
upon cool down. Clear permanent change towards more n-doping occurs only after 100 ◦C.
The dip in RH indicates that the doping passed through Dirac point, from p-type to n-type.
Right: An n-doped sample RH ≈ 1400 Ω/T is heated using in-situ heat sweeps. The data
shows the measured room temperature Hall coefficient after the sample has cooled down,
versus annealing temperature. The data has been averaged over 5-10 min of measurements,
and error bars represent two standard deviations. A clear permanent doping change occurs
after heating above 80 ◦C. After the initial change, no further permanent change of doping
occurs for annealing below 80 ◦C.

thermometer, and the magnetic field was supplied by a coil magnet which performed fast
sweeps < 1 min of magnetic fields up to 10 − 50 mT. This setup allowed for real-time
measurements of the Hall voltage and resistance as the sample was heated. Figure 6.8
shows an example of a temperature sweep in the first plot. The heating occurred in
steps, and the sample (red points) was kept at each elevated temperature set-point (blue
curve) for 10-15 min, and then allowed to cooled down back to room temperature for
10-15 min. Note that the first sweep shows an apparent dip in RH because the sample
was p-doped and passed through Dirac point after heating above 100 ◦C. Nonetheless,
there is a clear permanent change in doping level after some point during the annealing
process. To investigate this further, similar kinds of sweeps were used to construct the
second plot, which shows the room temperature Hall coefficient after annealing up to a
certain max temperature. Each point is the average of the RH values after temperature
has stabilized at the set-point, and the error bars represent two standard deviations. The
sample started initially as n-doped with RH ≈ 1400 Ω/T (Point A). No significant change
occurred in doping until the maximum temperature passed 80 ◦C, after which the room
temperature n-doping significantly increased (Point C). After the sample has undergone
annealing at higher temperatures for an extended amount of time (∼ 1.5 hours total),
annealing below 80 ◦C induces no further permanent change in doping. This reveals that
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the lowest annealing temperature which can tune the doping level appears to be 80 ◦C.
Furthermore, it hints at that the doped samples can be ”cured” after prolonged heating
at some temperature and for some time, after which the sample becomes robust against
thermal cycling. Note however that the carrier density may still undergo change with
temperature, but it is reversible change below the curing temperature.

Figure 6.9: Hall coefficient versus sample temperature for three different doping levels.
The error bars represent two standard deviations for RH averaged over 5 − 10 min of
measurements, when temperature was stable. The solid black lines are linear fits to the
lower temperature regime, with no permanent doping change. The blue and black data
represent normal doped epigraphene Hall sensors, without any curing step. They undergo
permanent doping change after passing 80 ◦C. The red data represent a cured sample
which has been annealed for ∼ 4 hours at 160 ◦C, and is resistant against thermal cycling
up to at least 150 ◦C.

In order to further test the curing, a sample was annealed at 160 ◦C for ∼ 4 hours. After
this lengthy curing procedure, the carrier density saturated at a high n-doping level n =
2.1×1012 cm−2 and RH = 300 Ω/T. The observed doping level is very close to the resulting
doping from neat PMMA deposited on epigraphene (n ≈ 3× 1012 cm−2), and indicates
that the doping effect of F4TCNQ is almost gone, possibly due to complete desorption of
dopants. Figure 6.9 show the measurements of RH versus sample temperature, which can
be used to extract the temperature coefficient ∆T through linear fitting. The fits are only
performed for data measured at low enough temperatures where no permanent change
in doping occurs. For the lowest two doping levels RH = 1400 Ω/T and RH = 900 Ω/T,
the temperature coefficient is ∆T = −0.6 %/◦C and ∆T = −0.5 %/◦C respectively. Since
these sample were not cured, they underwent permanent doping change after 80 ◦C. On
the other hand, the highest n-doped sample RH = 300 Ω/T was cured, and has a low
temperature coefficient of ∆T = −0.03 %/◦C up to at least 150 ◦C. When passing the
curing temperature of 160 ◦C, the doping level undergoes permanent change yet again. It
is expected that curing at even higher temperatures will increase the thermal stability
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further. The highest n-doping is possibly limited by PMMA doping of epigraphene to
n ≈ 3× 1012 cm−2.

The thermal stability, i.e. temperature coefficient, of RH is influenced by the thermal
excitation of carriers in epigraphene. This process is dependent on doping since the
Fermi energy acts as an energy barrier, and defines the intrinsic temperature coefficient
of epigraphene itself. Furthermore, the F4TCNQ dopants also likely play a role, since
their diffusion is temperature dependent. The low temperature coefficient of the cured
sample ∆T = 0.03 %/◦C is achieved through a combination of higher n-doping as a result
of annealing, and a decrease in active dopant molecules, and it is therefore closer to the
intrinsic stability of epigraphene itself. The cured sample compares very favorably to
industrial Hall sensors [102–105] in terms of stability and operating temperature range.
Additionally, the epigraphene Hall sensor maintains a respectable device performance
even at 150 ◦C with SV ≈ 0.12 V/VT, SI ≈ 300 V/AT, and BMIN ≈ 100 nT/

√
Hz. Here

SV and SI are measured values, while BMIN is estimated from the noise voltage spectral
density, whose temperature scaling is assumed to be the same as for thermal noise of a
resistor. While doped epigraphene Hall sensors does not outperform ultra-sensitive III-V
based sensors (e.g. GaAs) at room temperature, there is potential to outperform them at
higher temperatures, in the industrial automotive and military ranges. These prospects
are promising because the intrinsic temperature coefficient of epigraphene appears to be
low, and the main issue is to develop an improved and more temperature-resistant doping
scheme.

6.8 Conclusions

In conclusion, F4TCNQ doping method was used to investigate the performance limits
of epigraphene Hall sensors. This method allows for reproducible fabrication of high-
quality low-noise sensors with a wide range of carrier densities. It was found that
doped epigraphene Hall sensors with low carrier densities can have respectable room
temperature performance with sensitivities SI = 1442 V/AT, SV = 0.23 V/VT, and
record-low detection limit BMIN = 27 nT/

√
Hz at 20 kHz. The doped Hall sensors were

also tested at elevated temperatures, and it was found that using thermal curing, the
doped Hall sensors can be thermally stable with temperature coefficient ∆T = 0.03 %/◦C
up to 150 ◦C, while maintaining a good sensor performance at 150 ◦C with SI ≈ 300 V/AT,
SV ≈ 0.12 V/VT, and a detection limit BMIN ≈ 100 nT/

√
Hz.

The doped epigraphene Hall sensors have the lowest detection limits compared to other
graphene-based sensors in literature, and they also posses very low device noise levels.
The fabrication techniques are demonstrably reliable, with excellent contact resistances
and homogeneous doping. In combination with the fact that epigraphene can be grown
over large area, it is entirely feasible to create sensitive epigraphene Hall sensors arrays. A
single standard epigraphene chip 7× 7 mm2 could for instance fit hundreds of Hall sensors
or more.

The conventional III-V type sensors still reign supreme at room temperature in terms
of detection limit. However, their weakness is high temperature performance, where
most of them quickly lose their capabilities. The thermally cured epigraphene chip shows
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promise in this regard, with the demonstrated performance at 150 ◦C already outpacing
many commercially available sensors [102–105]. The main weakness lies in the current
doping method, which is poorly suited to high temperatures. Future prospects rely on
the development of either a new doping scheme, a new encapsulation scheme, or both.
The goal is to find a way to keep the carrier density of doped epigraphene Hall sensors
low, and stable, even at elevated temperatures.
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7 Coherent THz Detection

The terahertz (THz) portion of the radiated energy originating from the cosmos is of
special interest because it contains spectroscopic fingerprints of a myriad of chemical
compounds, including the building blocks of life such as water, oxygen, and carbon. These
molecules, and many others, have spectroscopic fingerprints in the THz frequency range
loosely defined as f ≈ 0.1− 10 THz and λ ≈ 300− 30µm. Astronomers therefore utilize
THz signals to monitor the chemical compositions of remote areas of space. Furthermore,
THz waves have a relatively large wave length and do not interact much with the smaller
grains of interstellar dust which permeates all of space [120]. This makes THz signals a
powerful probe which can pierce through the interstellar medium and allow for unclouded
studies of astronomical events like the birth and death of stars.

The first type of detector which was used for THz astronomy was the bolometer,
and they are still central to astronomy to this day. Bolometers belong to the family of
incoherent detectors, which are sensitive to the power of incoming radiation, but not the
phase of the incident photons. This detection scheme relies on the absorbed photons
heating the bolometer, which leads to a measurable change in resistance. Bolometers are
commonly used for broadband observations (e.g. interstellar dust), where they provide a
superior signal-to-noise per integration cycle [120].

In order to retain the phase information of the photon, coherent detection technique
are required. This can be achieved by using a local oscillator (LO) to effectively stamp
the phase of the incoming photons [120]. The basic coherent receiver uses heterodyning,
or mixing, of an input signal with the LO in order to detect weak signals, down-convert
THz signals to a more tractable frequency range, and to deal with measurements which
require high spectral resolution (e.g. star forming nebulae). This technique relies on
non-linear elements to achieve mixing.

The current challenge for modern THz astronomy is to advance from coherent detection
reliant on a few devices (pixels), to large scale imaging using sensitive arrays with over
1000 pixels, operating in the whole THz range. Arrays are practically important because
they allow for much faster data acquisition rates and higher sensitivities [121, 122]. For
applications in space-borne missions, it it also crucial that the arrays are light-weight,
compact, and power efficient. Due to these stringent requirements, no coherent large
array detectors have been realized thus far. Established THz detectors are held back by
intrinsic material properties, which either limit detection to frequencies to below 1 THz,
or have prohibitively large power consumption requirements. There is a need for new
materials, and this is where epigraphene enters the picture.

In this chapter molecular doped charge neutral epigraphene is explored as a sensitive
bolometric mixer for coherent detection in the THz regime, with potential for low-power
quantum-limited heterodyne detection for applications in astronomy. This chapter covers
the results presented in Paper F, in which the contributions from this thesis are mainly
related to sample preparation and DC characterization. For more detailed description of
THz astronomy in general see [120].
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7.1 Heterodyne Detection

Figure 7.1: Left: Schematic representation of a heterodyne receiver system. The input
signal PS is mixed with a local oscillator signal PLO, resulting in the intermediate frequency
signal PIF . The mixer has a gain Gmix and TS, Tmix, and Tout are the noise temperatures
at each stage. Left: Schematic representation of mixing in the frequency domain, showing
both lower (ωIF ) and upper sidebands.

Heterodyne detection techniques work by mixing a signal of interest at power PS , with
an intense monochromatic light emitted by a local oscillator (LO) at power PLO (Figure
7.1). The input signal and LO lie close to each other in frequency, with angular frequencies
denoted ωS and ωLO respectively. The mixing is performed by some non-linear element,
and results in a new mixed signal F (t) with two components:

F (t) ∝ sin(ωLOt)sin(ωSt) =
1

2
cos((ωLO − ωS)t)− 1

2
cos((ωLO + ωS)t) (7.1)

The higher frequency component can be filtered out, making this a single sideband (SSB)
mode. The remaining lower frequency component, henceforth referred to as intermediate
frequency fIF , is determined by the frequency difference between the two input signals,
as fIF = |ωLO − ωS |/2π. This is also how heterodyning allows for down-conversion from
the more practically challenging THz range to the easier microwave range, where more
developed detection capabilities like low-noise amplifiers exist.

An important figure of merit for a heterodyne mixer is the noise temperature Tmix,
because it is what ultimately limits the device sensitivity. The noise temperature is
related to the noise contribution of a component expressed in terms of temperature,
related to the power spectral density of Johnson-Nyquist noise for a resistor at the same
physical temperature. This parameter is crucial for heterodyne mixers used beyond the
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atmosphere, because for space-borne missions it is mainly the mixer noise temperature
which limits the performance of THz receivers [120].

A mixer component (see Figure 7.1) has a noise temperature of Tmix = P
∆fkBGmix

,
where P is mixer noise power, ∆f bandwidth, kB Boltzmann constant, and Gmix the
mixing gain [120]. The noise temperature can also be expressed as Tmix = TS/Gmix,
where TS is the noise equivalent temperature of the mixer. The relationship between
these two temperatures is that Tmix is equivalent to the noise power at the input of the
mixer that would be amplified by an ideal amplifier with gain Gmix, in order to cause
an equivalent signal power TS at the output. If the mixer uses both upper and lower
frequency bands (Figure 7.1) it is considered to be in double sideband (DSB) mode, and
the noise temperature changes by a factor of 2 compared to the single sideband case
TSSB = 2TDSB. In practice, there will also be noise contributions from other electrical
components placed after the mixer like low-noise amplifiers etc.

Figure 7.2: Comparison of noise temperature for common types of mixers. The dotted
lines represent comparisons to quantum limited performance, where the ultimate limit
is hf/k, where h is Planck constant, f operating frequency, and k Boltzmann constant.
Taken from [123].

The mixer can in principle be constructed from any nonlinear device. Commonly
used components in THz astronomy, which have non-linear I-V characteristics, are Schot-
tky diodes, superconductor-insulator-superconductor (SIS) junctions, and hot electron
bolometers (HEB). Their noise temperatures are shown for comparison in Figure 7.2. The
most sensitive mixers are based on superconductors, but they are limited in frequency to
below 1 THz. In the > 1 THz range, the mixers typically operate with a noise level an
order of magnitude above the quantum limit.

This work focuses solely on HEB mixers, which play a crucial role in modern astronomy
in the 1 THz range and beyond. The working principle is that a non-linear I-V response

97



is used to generate the mixed signal with an intermediate frequency. The incident THz
signal and LO cause temperature oscillations in the material, with a corresponding
modulation of electrical resistance R at fIF . This is predicated on the assumption that
the temperature change can keep up with the signal modulation, which puts constraints
on the thermal properties of the mixer material. The maximum attainable fIF is limited
by how quickly heat can be transferred out from the mixer. For the commonly used
superconducting HEB mixers, the limiting processes are either phonon cooling determined
by the electron-phonon coupling, or diffusion cooling of hot electrons through the electrical
contacts determined by the diffusion constant and device size [124, 125]. In practice,
the performance of common NbN-based superconducting HEB mixers has a limited gain
bandwidth of f0 = 4− 5 GHz [126]. Other superconductors can increase the bandwidth,
but at the expense of increasing LO power requirements [127], which is problematic for
heterodyne arrays.

7.2 DC Characterization of Epigraphene HEB

Graphene is an attractive material for HEB applications due to its low heat capacity,
which is conducive to a fast device response [128]. However, it is known to have a weak to
non-existent temperature dependence of resistance [126, 127, 129]. As discussed in Chapter
4.2, molecular doping of epigraphene close to the charge neutrality results in a sizable
temperature dependence of resistance. In that regime, the electron transport phenom-
ena becomes dominated by quantum effects like weak-localization and electron-electron
interactions, and this leads to a logarithmic temperature dependence of conductance σ(T ):

σ(T ) = σ0 + σ1ln(T ) (7.2)

Here T is the temperature in Kelvin normalized by T = 1 K. The temperature
dependent term is related to quantum corrections and its strength is on the order of one
conductance quantum σ1 ≈ e2/h ≈ 3.9× 10−5 S. The emergence of quantum interference
effects is desirable because it gives epigraphene a significant temperature dependence
of resistance at low temperatures, enabling its use as a thermometer. As mentioned in
Chapter 2.3.5, and seen in Figure 4.12, the quantum interference effect grows as carrier
density decreases, which makes charge neutral epigraphene attractive as a resistance
thermometer. However, care must be taken near the vicinity of the Dirac point due to the
presence of the disordered charge puddle regime. Excess charge disorder can effectively
decrease the contribution from quantum transport phenomena and lead to a saturation of
the low-temperature resistance [7, 8]. On the other hand, low charge disorder will allow
for the monotonous increase of resistance to persist at much lower temperatures [90, 130].

Two devices were fabricated on the same chip, one Hall bar and one interdigitated
bolometric mixer. The Hall bar geometry allowed for four probe measurements and was
used for material characterization. The Hall measurements were used to gain information
about carrier density n, mobility µ, mean free path ` = ~µ

√
nπ/e [8], and diffusion

coefficient D = vF l/2 [131], where vF ≈ 1× 106 m/s [7]. Additionally, the Hall bar was
used as a reference for the the temperature dependence of 2-probe resistance of the mixer,
to verify that the mixer retained the same properties as large-area doped epigraphene.
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Figure 7.3: Left: Optical micrograph showing the dimensions of the doped epigraphene
Hall bar. The inset shows a schematic representation of the doping scheme. Right:
Temperature dependence of longitudinal resistivity. The dotted fit to low-temperature data
shows a logarithmic temperature scaling ρ ∝ ln(T ), which persists down to 2 K.

Figure 7.3 shows measurements for a doped Hall bar using the standard PMMA spacer
and dopant blend layer, with carrier density tuned close to charge neutrality. The Hall
bar device was fabricated using dimensions L = 180 um and W = 30 um. The sample
was measured in a liquid helium cryostat, and a logarithmic temperature dependence of
resistance was observed at lower temperatures < 20 K, as described in Equation 7.2, with
a slope of σ1 ≈ 0.3e2/h. Note that there is a temperature offset between high (> 30 K)
and low temperature (< 20 K) data, which arises from thermal lag due to rapid cooling.
The sample was cooled down to 2 K and then slowly warmed up to measure the low
temperature data set.

The Hall bar was also studied at cryogenic temperatures using magnetotransport to
ascertain the doping level and to confirm the nature of the observed quantum correction
phenomena. Figure 7.4 shows the quantum Hall measurements performed at 4 K. The
imperfect quantization points to the fact that the sample is in the disordered puddle
regime, and the carrier density is therefore estimated to be on the order of the charge
disorder (see Chapter 4.6) of doped epigraphene n ≈ 1 × 1010 cm−2, resulting in an
estimated mean free path ` ≈ 25 nm and diffusion coefficient D ≈ 125 cm2/s. Note that
the disorder, i.e. minimum carrier density, can be even lower for lower temperatures.
Figure 7.4 also demonstrates that the quantum corrections to resistance can be suppressed
using a perpendicular magnetic field < 1 T, which indicates that they originate mostly
due to quantum interference effects. The quantum corrections for this particular device
also disappear above 30 K.

Once the logarithmic temperature dependence due to quantum corrections was estab-
lished, the experiments proceeded to the epigraphene THz mixer device. The epigraphene
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Figure 7.4: Left: Quantum Hall effect measurements reveal that the sample is in the
disordered charge puddle regime. Right: Temperature dependence of quantum corrections
to resistance, which gets suppressed with both increasing magnetic field and temperature.
The quantum interference effects vanish above 30 K.

Figure 7.5: Left: Two-probe magnetotransport data for epigraphene HEB shows that a
perpendicular magnetic field can suppress corrections to longitudinal resistance, which
signifies that they originate from quantum interference effects. Right: Temperature
dependence of conductivity, measured for an interdigitated THz mixer device and a Hall
bar on the same chip. The logarithmic temperature dependence remains down to 0.2 K
for both devices. The dotted line has a slope of one conductance quantum for comparison.

THz mixer device is a two-terminal device and was designed to be closely matched to the
impedance of the on-chip antenna and readout electronics (see Figure 7.10). The device
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was therefore fabricated using interdigitated electrodes, with an effective epigraphene
channel length of L = 1.5 um and width of W = 345 um, resulting in a parallel connection
of approximately 230 squares of epigraphene, with a room temperature resistance of 35 Ω
and 92 Ω at 2 K. Figure 7.5 shows the low-temperature measurements for the epigraphene
THz mixer compared to the Hall bar. Two-probe magnetotransport data on the THz mixer
show that the low-temperature corrections to resistance arise primarily from quantum
interference effects, same as for the Hall bar. The temperature dependence of conductance
shows the zero-bias differential conductivity σ(T ) = dI/dV |V=0 measured in a optically
shielded cryostat for two different devices. Figure 7.5 shows that both devices display the
same logarithmic temperature dependence of resistance, which persists down to at least
0.2 K. The offset in conductance between the two devices is attributed to the presence of
bilayer patches, which shunt the epigraphene THz mixer due to the narrow gap between
interdigitated electrodes.

7.3 Diffusion Cooling

Initially it was unclear from a theoretical standpoint how quantum interference and strong
electron-electron interactions in charge neutral epigraphene could affect the performance
of a bolometric mixer device. The logarithmic temperature dependence demonstrated
above implies a diverging sensitivity for resistive measurements at low temperature since
dR/dT ∝ 1/T ln2(T ). However, the divergence of the electron-phonon cooling time
τe−ph ∝ 1/T 2

√
n near charge neutrality, and at low temperatures, limits performance

because the device cools down too slowly [132, 133]. This called for direct experimental
investigations of the THz mixer, shown below. In the end, it was found that due to the
small scale of the device geometry (∼ µm), the electronic properties of epigraphene led to
diffusion cooling of carriers.

Figure 7.6 shows the differential resistance dV/dI, which makes any non-linearity in
the I-V appear more prominent. The measurements were taken at different temperatures
and bias currents IDC , for the epigraphene HEB using zero incident THz power. At zero
bias current, the resistance is maximal, but at higher bias the resistance decreases due to
heating. The inset shows the zero bias conductance extracted from the same data set,
which deviates from the ideal logarithmic behavior, suggesting that the sample is being
overheated. In order to explain the experimentally observed temperature dependence
of the I-V, a thermal model was formulated based on the diffusion cooling of electrons,
called the Diffusion Cooling Model (DCM). For more detailed derivations see Paper F.

The model considers the situation in Figure 7.7, which shows a schematic representation
of an epigraphene device with effective width W and length L, connected to two large
metallic leads and biased with a DC current. The incident radiation Iaccos(ωt) heats the
epigraphene and induces an AC current I(t) =

√
2Iaccos(ωt) which causes time-varying

Joule heating. The heating is balanced by a combination of diffusive cooling where charge
carriers dissipate heat into the two adjacent metallic leads, and electron-phonon cooling.
Ab-initio calculations of the heat-balance equation were solved numerically for three cases:
pure phonon cooling, pure diffusion cooling, and the combination of them both [134].
Figure 7.7 shows the measured effective temperature epigraphene T , extracted from R(T )
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Figure 7.6: Differential resistance of an epigraphene bolometer versus bias current, in the
absence of THz radiation. The resistance decreases due to heating, which is dependent
on the base temperature. The dots represent real data and the solid lines are fits to the
DCM model. The inset shows the temperature dependence of zero-bias conductivity for
the same device. Deviation from ideal logarithmic dependence at low temperatures is due
to a remnant background radiation PBkg.

Figure 7.7: Left: Schematic view of the epigraphene sample device considered in the DCM
Right: Sample effective temperature T versus dissipated power PDC = IV , measured at a
base temperature T0 = 0.32 K (blue circles). The data is compared to ab-initio calculations
for three different cooling models.

102



experiments and corroborated using noise thermometry, plotted against dissipated power
PDC = IV , all measured at a base temperature of T0 = 0.32 K. The theoretical calculation
which takes into account both phonon and diffusion cooling matches the experimental
data in the entire tested temperature range. However, pure diffusion cooling can explain
the data below 6 K, meaning that the influence of phonon cooling is not significant at
lower temperatures.

At the low temperatures relevant for THz operation (< 6 K), diffusion cooling is
the only pathway considered in the DCM. The DCM model also assumes that the
Wiedemann-Franz law holds κ/σ = LWT . It states that the thermal conductivity κ
contributes to conductance σ proportional to epigraphene temperature T according to
the Lorentz number LW = (πkB)2/3e2 = 2.44× 10−8 WΩ/K2. Furthermore, the model
uses the experimental fact that charge neutral epigraphene has a logarithmic temperature
dependence of conductivity G(T ) = G0 + G1ln(T ), like Equation 7.2. The maximum
temperature for diffusion cooled epigraphene according to the DCM:

Tmax =

√
T 2

0 +
I2 + I2

ac

I2

V 2

4LW
(7.3)

It also leads to the following equation for I-V:

I(V ) = G(T0)V +G1V

(√
1 + u2

u
(
√

1 + u2 + u)− 1

)

u =
1

VT

√
V 2 +

V

I
Pac

(7.4)

Figure 7.8: The differential resistance measured at constant base temperature T0 = 0.32
K. There is a decrease in resistance under illumination of THz radiation due to heating,
which scales with incident power PLO. The solid lines are not fits, but predicted behavior
based on the DCM.
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Here T0 is the base temperature of the metallic leads which is constant (cryostat
temperature). G(T0) = σ(T0)W/L is zero bias differential conductivity and G1 = σ1W/L.
The dimensionless parameter u depends on the optical power coupled to epigraphene
Pac. The thermal voltage is VT = T0

√
LW . The DCM model Equation 7.4 can be used

to produce the fits (solid lines) in Figure 7.6, using fit parameters Pac and LW . The
resulting non-zero power Pac from the fit must come from the remnant background
power PBkg = 0.28 nW due to heat leakage, since the external THz source was turned
off. This also explains the observed deviation from logarithmic temperature behavior of
conductivity shown in the inset, which disappeared for measurements in a optically filtered
dark cryostat. The fit also gives a value for the Lorentz number Lfit = 3.1×10−8 WΩ/K2,
which agrees well with theoretical predictions.

To further test the predictive power of the DCM, a second measurement was performed
at a constant base temperature of T0 = 0.32 K, with varying incident THz power using the
setup in Figure 7.9. The data shown in Figure 7.8 plots the differential resistance of the
epigraphene HEB measured at constant base temperature, heated by illumination of THz
radiation with different power. Using the extracted values of PBkg and LW , Equation 7.4
can be used to predict (solid lines) the experimental I-V curves (dots) to a very accurate
degree, which further verifies the validity of the DCM model.

7.4 THz Mixer

Figure 7.9: Schematic representation of a heterodyne THz setup using a doped epigraphene
bolometric mixer. A THz signal at frequency fS is combined with the local oscillator at
a nearby frequency fLO, and both signals pass through a silicon lens and are fed into
epigraphene via an integrated antenna. Epigraphene then produces a mixed signal at the
intermediate frequency, which can be measured using spectrum analyzers.

THz mixing experiments were performed to study both the response time and frequency
mixer sensitivity. Figure 7.9 shows a schematic overview of the mixing experiment. A
THz signal with frequency fS was combined with a monochromatic light emitted by a
local oscillator with frequency fLO, and both were directed through a silicon lens towards
an integrated bow-tie antenna connected to the interdigitated epigraphene device. The
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output signal is then amplified and finally measured using a spectrum analyzer. The setup
allowed for simultaneous measurements of DC, THz response, and noise thermometry
at temperatures down T = 0.32 K. For gain bandwidth measurements, one THz source
was kept at constant frequency acting as the local oscillator, while the other source had
variable frequency. The resulting THz signal going into the epigraphene device causes an
amplitude modulated output signal with an intermediate frequency fIF = |fLO − fS |.

Figure 7.10: Left: Measured power at the intermediate frequency PIF versus frequency
fIF at 4 K. The horizontal dotted line marks the cutoff PIF = −3 dB. The solid line is
a fit to P (fIF ) = 1/(1 + (fIF /f0)2) and yields a gain bandwidth of f0 = 8 GHz. The
ripples in the data are due unwanted interference in the measurement setup. Right:
Gain bandwidth measured at lower temperatures T0 = 0.3 K and T0 = 3 K show that the
bandwidth remains high.

Figure 7.10 shows a central result of the THz experiments, where the measured
power PIF is plotted against the intermediate frequency fIF . The fitting curve follows
P (fIF ) = 1/(1 + (fIF /f0)2) and leads to a gain bandwidth of f0 = 8 GHz, corresponding
to a time constant of 1/2πf0 = 20 ps for the epigraphene mixer. For comparison, the
commonly used NbN-based HEBs have f0 < 5.5 GHz [126, 135]. Figure 7.10 also shows
the temperature dependence of the gain bandwidth measured at T0 = 0.3 K compared to
T0 = 3 K, and it does not change much with temperature. The intermediate frequency
response is similar within a bandwidth of 3− 7 GHz, limited by the cryogenic low-noise
amplifier (LNA) used for 0.3 K measurements. The fast response is due to the high Fermi
velocity vF of carriers in epigraphene combined with highly transparent contacts [59],
which leads to quick dissipation of heat via diffusion of hot electrons through metallic
contacts. The time scale of 20 ps extracted from grain bandwidth experiments is in good
agreement with the estimated time scale from the diffusion constant D determined from
DC Hall bar measurements. Using this diffusion coefficient, the time scale for diffusion is
limited by channel length L = 1.5µm, and is approximately τD = L2/π2D ≈ 18 ps.

Figure 7.11 shows the mixing gain. Similar to the gain bandwidth, the mixing
gain was investigated by simultaneously sending two THz waves, one from the LO
and one from another THz source S, to epigraphene. The gain ratio Gmix = PIF /PS
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Figure 7.11: Mixing performance for an epigraphene HEB. Left: Mixing gain Gmix at
fIF = 3.5 GHz versus different LO power PLO. The right y-axis represents measured PIF .
Dots correspond to measurements while solid lines are fits to the classical bolometric mixer
equation [136]. Right: Thermal noise power versus different LO power PLO for fIF = 4
GHz. The right y-axis shows the calculated noise equivalent temperatures of epigraphene
using DCM and solid lines are fits to the DCM. The dotted lines marks the optimal mixing
point, where epigraphene has TS ≈ 1.9 K.

describes the relationship between the output power PIF after mixing, and the input
signal PS . The classical bolometric mixer equation [136] fits the data well, and can also
be derived using the DCM [134]. The maximum observed mixer gain is Gmix = −27 dB
for PIF /PS = 0.2 %, which was obtained at the optimal mixing gain conditions of
PLO = 3.8 nW and IDC = 5µA.

Noise thermometry measurements were used to measure the noise equivalent tem-
perature of epigraphene in Figure 7.11. The sample has an effective noise equivalent
temperature of TS ≈ 1.9 K at the optimal mixing point. Deviation from base temperature
T0 is due to overheating from DC bias and incident radiation Pac. The noise equivalent
temperature for epigraphene was also calculated using the DCM, and it matches well with
the noise thermometry data [134].

Combining the mixing gain and noise equivalent temperature, the figure of merit
for the epigraphene HEB is the mixer noise temperature of Tmix = TS/2Gmix = 475
K. From the quantum mechanical limit of noise temperature Tmix = 2hf/kB [120], the
measured noise temperature is equivalent to quantum limited performance at frequency
of f = 5 THz and above. The noise temperature ultimately limits the sensitivity of
the mixer, however the experimental value is limited by the measurement setup which
causes overheating. This is problematic because the sensitivity, and therefore performance,
increases at lower temperatures as mentioned.

The validity of the DCM has been cemented by its successful explanation of both the
observed DC transport, and the direct and mixing THz response. It therefore justified to
use it to predicting future device performance, under more ideal conditions.
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7.5 Future Prospects

Figure 7.12: Left: Extrapolated noise temperature Tmix = TS/2Gmix versus base tem-
perature T0 for zero background radiation. The dotted line marks the noise temperature
quantum limit for 1 THz. Right: Noise temperature comparison between modern THz
mixers and epigraphene. The projected ideal performance of epigraphene-based technology
(dashed red line) is closer to the ultimate quantum limit over a wide frequency range.
Based on [137].

The aforementioned results demonstrate that epigraphene doped to neutrality could
be an interesting technology for future coherent THz detectors. Crucially, the projected
power requirements are very low, even reaching PLO = 0.04 nW at T0 = 0.2 K (Figure
7.12), which is several orders of magnitude better than current technologies (usually
PLO > 100 nW)[120]. This could enable, for the first time, the development of large
arrays of epigraphene HEBs with realistic power consumption requirements for future
space missions.

Since the current proof-of-concept iteration was limited by overheating due to the
measurement setup, the performance can actually be improved further. For instance, the
DCM theoretically predicts that for zero background radiation the mixer noise temperature
can be as low as Tmix = 36 K at T0 = 0.2 K (see Figure 7.12). This means that the doped
epigraphene bolometric mixer can in principle operate at quantum limited regime above
0.75 THz. Furthermore, the measured gain bandwidth of f0 = 8 GHz was for a device
with L = 1.5µm. If the DCM holds, it is expected that a smaller device L = 0.8µm can
increase the bandwidth to f0 = 20 GHz, which is well within reach of current lithographic
techniques. Additionally, the achievable mixing gain scales as Gmix ∝ (G1V/I)2, and
is limited by the strength of quantum interference effects, which is σ1 ≈ 0.3e2/h in the
current work. This can for instance be changed by playing with the scattering mechanisms
via different doping methods. The noise temperature of epigraphene is estimated to
be as low as TS = 0.4 K (measured TS = 1.9 K), which means that other instruments
like amplifiers (best available Tamp ≈ 1 K) will limit performance instead. Figure 7.12
shows the ideal projected performance of a doped epigraphene bolometric mixer, and it
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illustrates that epigraphene can in principle operate closer to the quantum limit over a
wider frequency range compared to modern THz mixers.

7.6 Conclusions

In conclusion, epigraphene doped to charge neutrality using the F4TCNQ dopant blend
gives rise to a logarithmic temperature dependence, which was exploited to create a proof-
of-concept epigraphene bolometric mixer for coherent THz detection. The epigraphene
HEB demonstrated fast device response with mixing bandwidth f0 = 8 GHz, mixing gain
Gmix = −27 dB, and a mixer noise temperature of Tmix = 475 K, all the while requiring
low power PLO < 1 nW. The measured device performance, which is already respectable
compared to conventional superconductors like NbN, was limited by the measurement
setup causing sample overheating, and is not indicative of the intrinsic performance of
epigraphene HEBs.

A model based on diffusion cooling of carrier was developed which explained all
the experimental observations, including overheating. The model was shown to have
predictive powers, and can be used to extrapolate mixer performance under more ideal
conditions. The projected performance for doped epigraphene bolometric mixers under
realistic space-borne conditions, combined with new advances in instrumentation [138],
could lead, for the first time, to the development of large arrays of quantum limited THz
detectors, operating across the entire THz regime.
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8 Summary & Outlook

This thesis focuses on epigraphene, the study of its properties, and potential applications.
The starting point of this PhD research project was marked by the pursuit of a more
practical realization of QHR standards based of epigraphene. The unique properties of
epigraphene make it attractive for applications in quantum resistance metrology, but
historically it was held back by its high intrinsic n-doping and difficulty in controlling
its carrier density. There was a need for a stable, potent, reliable, and tunable doping
method to gain control over the carrier density. It was desired not only for the sake of
metrology, but also to unlock the potential of epigraphene in general.

The linchpin of this thesis is the development of a dopant blend using F4TCNQ
stabilized in a polymer matrix. After much study, this combination was found to result
in a novel spontaneous assembly of molecules near the surface of epigraphene. Extensive
experimental tests show that this reliably leads to large-area, potent, homogeneous doping
of epigraphene. Outside improving existing technologies, more interesting future prospects
involve taking the essence of the doping scheme, which is spontaneous accumulation
templated by 2D materials, and exploring new combinations of polymers, molecules, and
2D systems. The possibilities here are practically endless.

Molecular doping was successfully implemented to solve the initially stated problem
of creating practical epigraphene QHR standards. Precision measurements prove that
F4TCNQ has no discernible adverse effect on device performance, and it is now possible
to create epigraphene devices which can consistently operate as resistance standards.
This technology is already being tested in industry, with epigraphene QHR products
being commercialized by the Swedish company Graphensic. The product can be further
improved by the development of large epigraphene QHR arrays, in order to allow for more
flexibility in resistance calibrations.

The potential to dope epigraphene through the charge neutrality point made it possible
to study of the performance limits of Hall sensors. The in-depth test of the magnetic
field detection capabilities, in a wide range of operating conditions, establish that doped
epigraphene Hall sensors can outperform other graphene Hall sensors in terms of magnetic
field detection limits. Furthermore, the sensors also show potential for future applications
in higher industrial temperature ranges. The development of an alternate doping scheme,
which can push the high temperature performance even further, will be the key to the
future success of epigraphene Hall sensors.

Finally, epigraphene doped to the neutrality point develops a logarithmic temperature
dependence of resistance which opens up its use in THz detection. The experiments
demonstrate that an epigraphene HEB mixer can operate as a sensitive and fast mixer
for coherent detection of THz radiation with low power consumption. The projected
future performance, under more ideal conditions, could enable the creation of large
THz detector arrays with quantum limited performance across the entire THz range, a
possibility which has been out of reach for conventional (superconductor) materials. Future
developments involve taking the proof-of-concept epigraphene HEB mixer to the next
level and fabricating an array detector, and if possible testing its ultimate performance
under space-borne conditions.

In summary, the developments in epigraphene technology have solved one of its core

109



issues of carrier density control, and opened up new avenues for real-world applications.
This thesis demonstrates three possible applications of doped epigraphene, with a common
goal to prove that there is potential for epigraphene electronics to surpass conventional
technologies in certain niches. All proof-of-concept devices were fabricated while keeping
in mind the scalability of the process, and aiming for eventual use in industry. This thesis
has laid the groundwork for many promising applications of epigraphene, with various
technology readiness levels, and future research will hopefully build upon these results
to one day create a tangible product which will leave a lasting impression. One of the
driving factors behind graphene research since the very beginning has been to utilize its
remarkable properties to revolutionize various technologies. While that vision has yet to
be realized, the work presented in this thesis on epigraphene is a stepping stone on the
path which will take graphene from the research laboratory into the forefront of industrial
applications.

There are a plethora of other activities that were explored in these PhD studies, which
have fallen outside the scope of this thesis. Some of these works have been published, while
others are ongoing projects that have yet to reach the publication stage. For example,
significant efforts have been devoted to understanding if the molecules assembled on
the surface of epigraphene posses long-range crystalline order. The record-high carrier
mobilities measured in epigraphene doped with molecules suggests this possibility, but it
has been challenging to probe the epigraphene-molecule interface by using conventional
surface science tools. Future studies are needed to understand if spontaneous assembly
can lead to epitaxy of molecular crystals on 2D materials. Another interesting research
direction is the formation of one-atom thin platinum layers on the buffer layer (see “list
of papers not included in this thesis”). The formation of atomically thin metals on buffer
is the first step towards intercalation of atoms at the SiC-buffer interface, which can
produce a quasi-free-standing monolayer epigraphene decoupled from the influence of the
substrate. Moreover, the intercalated atoms can even order and form a crystal underneath
epigraphene. This is an alternative way to modify the electronic properties of epigraphene,
but instead of creating molecular crystals on top of epigraphene, intercalation promotes
the formation of a crystal underneath epigraphene. This process has been recently
dubbed confinement heteroepitaxy, and more effort is required in order to understand if
intercalated epigraphene will display exciting properties like those achieved by molecular
doping, or even exceed them.
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A Recipes

A.1 Growth

An outline of the general growth procedure is given below. The final temperature, time,
and pressure for monolayer growth are approximate and have to be optimized for each
growth environment through repeated experiments.

� Load SiC chip into the 4 inch graphite crucible. The Si-face is face-down, towards
to crucible bottom. The chip rests on graphite pillars, leaving around 1 mm space.

� Close chamber and use a roughing pump to reduce pressure to below 2 mbar.

� Use a turbo pump to reduce pressure to below 5× 10−7 mbar.

� Optinal extra annealing step. Manually heat the sample for 10 min, until temperature
is above 300 ◦C, while pumping.

� Using the RF heater, ramp temperature to 1150 ◦C at a rate of 40 ◦C/min.

� Start ramping temperature to 1700 ◦C at 20 ◦C/min.

� Whilte heating, stop pumping and fill the chamber with argon gas, stop when
pressure is 800 mbar.

� When temperature reaches 1700 ◦C, hold for 5 min.

� Turn off heater and wait for natural cool down (4 hours).

A.2 RCA cleaning

Required cleaning step of SiC chips before growth of epigraphene.

� Mix 200 mL deionized water, 40 mL ammonia water (NH3 30 wt. %) and 40 mL
aqueous hydrogen peroxide (H2O2 30 wt. %) . This mixture is referred to as SC1.

� Heat to 80 ◦C on a hotplate.

� Submerge SiC chips in the heated solution for 10 min.

� Rinse in deionized water bath.

� Submerge chip for 30 s in 1:50 aqueous solution of hydrofluoric acid (HF) kept at
25 ◦C.

� Mix 200 mL deionized water, 40 mL hydrochloric acid (HCL3 37 wt. %) and 40 mL
aqueous hydrogen peroxide (H2O2 30 wt. %) . This mixture is referred to as SC2.

� Heat to 80 ◦C on a hotplate.
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� Submerge SiC chips in the heated solution for 10 min.

� Rinse in deionized water bath.

� Dry using nitrogen gas.

A.3 Electron Beam Lithography

A.3.1 Anchors

A metallic anchoring layer provides improved adhesion of future metallic contact layers.

� Spin coat P(MMA-MAA 8.5 %), 6 wt. % in ethyl lactate solvent (COPEL6). At
6000 rpm for 1 min, the resulting thickness is ∼ 100 nm.

� Bake for 5 min at 170 ◦C

� Spin coat A-RP 6200.13 dissolved 2:1 in anisole. At 6000 rpm for 1 min, the resulting
thickness is ∼ 175 nm.

� Bake for 5 min at 170 ◦C

� Expose to e-beam. For large features (> 1µm) use 35 nA beam current and dose of
600 µC/cm2. For small features (< 1µm) use 2 nA beam current and dose of 700
µC/cm2.

� Develop the top resist layer A-RP using o-xylene developer for 30 s.

� Develop the botom resist layer COPEL6 using o-xylene developer for 40 s.

� Remove exposed graphene using 1 min of oxygen plasma ashing. 50 W, 250 mT
chamber pressure and 10 sccm flow of oxygen.

� Deposit metal using PVD by e-beam evaporation of Ti (5 nm) followed by Au (80
nm).

� Lift-off using acetone.

� Rinse with isopropanol.

� Dry using nitrogen gas

A.3.2 Normal Contacts

This recipe is used in combination with Anchors to fabricate contacts to epigraphene.

� Spin coat P(MMA-MAA 8.5 %), 6 wt. % in ethyl lactate solvent (COPEL6). At
6000 rpm for 1 min, the resulting thickness is ∼ 100 nm.

� Bake for 5 min at 160 ◦C (lower temperature because of no ashing step).
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� Spin coat A-RP 6200.13 dissolved 2:1 in anisole. At 6000 rpm for 1 min, the resulting
thickness is ∼ 175 nm.

� Bake for 5 min at 160 ◦C.

� Expose to e-beam. For large features (> 1µm) use 35 nA beam current and dose of
600 µC/cm2. For small features (< 1µm) use 2 nA beam current and dose of 700
µC/cm2.

� Develop the top resist layer A-RP using o-xylene developer for 30 s.

� Develop the botom resist layer COPEL6 using o-xylene developer for 40 s.

� Deposit metal using PVD by e-beam evaporation of Ti (5 nm) followed by Au (80
nm).

� Lift-off using acetone.

� Rinse with isopropanol.

� Dry using nitrogen gas.

A.3.3 Pseudo-Edge Contacts

This recipe forgoes the need for an anchoring layer and directly fabricates pseudo-edge
contacts to epigraphene.

� Spin coat 950K PMMA, 4 wt. % in anisole (PMMA A4). At 6000 rpm for 1 min,
the resulting thickness is ∼ 150 nm.

� Bake for 5 min at 170 ◦C.

� Spin coat P(MMA-MAA 8.5 %), 10 wt. % in ethyl lactate solvent (COPEL10). At
6000 rpm for 1 min, the resulting thickness is ∼ 270 nm.

� Bake for 5 min at 170 ◦C.

� Spin coat A-RP 6200.13 dissolved 2:1 in anisole. At 6000 rpm for 1 min, the resulting
thickness is ∼ 175 nm.

� Bake for 5 min at 170 ◦C.

� Expose to e-beam. For large features (> 1µm) use 35 nA beam current and dose of
600 µC/cm2. For small features (< 1µm) use 2 nA beam current and dose of 700
µC/cm2.

� Develop the top resist layer A-RP using o-xylene developer for 30 s.

� Develop the botom resist layer COPEL6 using o-xylene developer for 40 s.

� Remove exposed graphene using 1 min of oxygen plasma ashing. 50 W, 250 mT
chamber pressure and 10 sccm flow of oxygen.
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� Deposit metal using PVD by e-beam evaporation of Ti (5 nm) followed by Au (80
nm).

� Lift-off using acetone.

� Rinse with isopropanol.

� Dry using nitrogen gas.

A.3.4 Ashing

This recipe is used to etch away epigraphene.

� Spin coat 950K PMMA, 6 wt. % in anisole (PMMA A6). At 6000 rpm for 1 min,
the resulting thickness is ∼ 375 nm.

� Bake for 5 min at 170 ◦C.

� Expose to e-beam. For large features (> 1µm) use 35 nA beam current and dose of
600 µC/cm2. For small features (< 1µm) use 2 nA beam current and dose of 700
µC/cm2.

� Develop the top resist layer A-RP using o-xylene developer for 30 s.

� Develop the botom resist layer COPEL6 using o-xylene developer for 40 s.

� Remove exposed graphene using 1.5 min of oxygen plasma ashing. 50 W, 250 mT
chamber pressure and 10 sccm flow of oxygen.

� Remove remaining resist using acetone.

� Rinse with isopropanol.

� Dry using nitrogen gas.

A.4 Chemical Doping

A.4.1 Dopant blend

The standard dopant blend consisting of F4TCNQ molecules mixed with PMMA is made
using the following recipe:

� 25 mg of dry F4TCNQ powder is mixed with 3 mL of anisole. This solution is
referred to as ‘X’.

� 0.5 mL of X is mixed with 1 mL of PMMA A6 (PMMA, 6 wt. % in anisole), yielding
the final dopant blend.
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A.4.2 Two polymer layers

This recipe is intended for charge neutral epigraphene. Baking time is related to final
doping level, and can be changed as needed.

� Spin coat P(MMA-MAA 8.5 %), 6 wt. % in ethyl lactate solvent (COPEL6). At
6000 rpm for 1 min, the resulting thickness is ∼ 100 nm. This is the spacer layer

� Bake for 5 min at 160 ◦C.

� Spin coat dopant blend. At 6000 rpm for 1 min, the resulting thickness is ∼ 150 nm.

� Bake for 5 min at 160 ◦C.

A.4.3 Five polymer layers

This recipe is intended for charge neutral epigraphene with higher doping stability. Baking
time is related to final doping level, and can be changed as needed.

� Spin coat P(MMA-MAA 8.5 %), 6 wt. % in ethyl lactate solvent (COPEL6). At
6000 rpm for 1 min, the resulting thickness is ∼ 100 nm.

� Bake for 5 min at 160 ◦C.

� Spin coat dopant blend. At 6000 rpm for 1 min, the resulting thickness is ∼ 150 nm.

� Bake for 5 min at 160 ◦C.

� Spin coat P(MMA-MAA 8.5 %), 6 wt. % in ethyl lactate solvent (COPEL6). At
6000 rpm for 1 min, the resulting thickness is ∼ 100 nm.

� Bake for 5 min at 160 ◦C.

� Spin coat dopant blend. At 6000 rpm for 1 min, the resulting thickness is ∼ 150 nm.

� Bake for 5 min at 160 ◦C.

� Spin coat P(MMA-MAA 8.5 %), 6 wt. % in ethyl lactate solvent (COPEL6). At
6000 rpm for 1 min, the resulting thickness is ∼ 100 nm.

� Bake for 15 min at 160 ◦C.

A.5 Electrostatic Gating

This is a recipe to fabricate an electrostatic top gate using direct-write photolithography
on top of PMMA. Note that molecular doping is affected by this process, and some fine
tuning of the initial doping level by changing the final annealing time for the dopant layer.

� Follow previous EBL recipes to produce an epigraphene Hall bar.
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� Spin coat the full five polymer layers to dope epigraphene. Note that the final 15
min annealing step can be reduced.

� Deposit metal using PVD by resistive evaporation of 40 nm Al over the entire chip.

� Spin coat S1813. At 6000 rpm for 1 min, the resulting thickness is ∼ 1µm.

� Bake for 2 min at 90 ◦C.

� Expose in laser writer system Heidelberg Instruments DWL 2000, 405 nm diode
laser and 4 mm write head.

� Use Focus offset 25 %, Intensity 55 %, and Transmission 100 %.

� Develop the resist layer and etch Al using MF-319 for 3-4 min, or until the Al looks
completely gone.

� Rinse with deionized water.

� Dry using nitrogen gas.
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B Derivations

B.1 Integer Quantum Hall Effect

B.1.1 Landau Levels

This section provides some background calculations behind the derivation of the quantum
Hall effect, discussed in Chapter 2.3.3.

The quantum Hamiltonian which describes the quantum Hall effect in a 2D system is:

H =
1

2m
(p + eA)2 (B.1)

The magnetic field is represented here by the vector potential A. If the 2D systems
is assumed to exist in the x-y plane, then an out-of-plane perpendicular field in the
z-direction leads to ∇A = Bẑ. There is always the freedom to choose a gauge, and the
aptly named Landau gauge is used A = xBŷ to simplify calculations. The Hamiltonian
now reads:

H =
1

2m
(p2
x + (py + eBx)2) (B.2)

The specific choice of the Landau gauge means that the y-direction is invariant under
translation, but not x. The energy eigenstates, which also are eigenstates of py, are plane
waves in the y-direction. As a guess for the wavefunction take the separation of variables
ansatz Ψk(x, y) = eikyfk(x) (k is restricted to y-direction). This means that the operator
py = −i~ ∂

∂y effectively is replaced by the eigenvalue ~k in the Schrödinger equation:

HΨk(x, y) =
1

2m
(p2
x + (~k + eBx)2)Ψk(x, y) (B.3)

The resulting Hamiltonian can be simplified and rewritten as:

H =
1

2m
p2
x +

mω2
c

2
(x+ kl2B)2 (B.4)

The terms in this Hamiltonian looks identical to the quantum harmonic oscillator,

with a small difference that the energy minimum is shifted by −kl2B where lB =
√

~
eB .

lB is called the magnetic length. This is the characteristic length scale for quantum
interactions in a magnetic field, and is closely related to the minimum radius of cyclotron
orbits, limited by the Heisenberg uncertainty principle.

It is known that the eigenenergies for any quantum harmonic oscillator is En =
~ωc(N + 1

2 ), N ∈ N0 and this means that the energy spacing between LLs is equidistant.
The energy eigenfunctions are the product of a plane wave and the known 1D harmonic
oscillator eigenfunctions (Hn are Hermite polynomials):

Φn,k ≈ eikyHn(x+ kl2B)e−(x+kl2B)2/(2l2B) (B.5)
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This expression contains a Gaussian term e−(x+kl2B)2 which describes the localization
of the eigenfunctions around x0 = −kl2B , on the order of magnetic length. Note that the
states are completely extended in y-direction however. This predicts the existence of
elongated states along the length of the Hall bar, which later turns out to be the edge
states.

B.1.2 Edge states

This section provides some background calculations behind the emergence of edge states
in the QHE, discussed in Chapter 2.3.3.

Consider a real Hall bar sample, which necessarily has finite dimensions and edges
at the boundary, as depicted in Figure 2.8. Now consider the spatial variation of the
potential V (x) in one dimension, across the width of the Hall bar. In the ideal of case of
no disorder, the energy of LLs lie flat in the bulk and rise steeply at the edges, similar
to the confining walls of a potential well. In the regime of QHE the Fermi energy lies in
between two LLs.

The Hamiltonian from Equation B.4 changes to:

H =
1

2m
p2
x +

mω2
c

2
(x+ kl2B)2 + V (x) (B.6)

The potential V (x), to first approximation, is linear and assuming that it is smooth
on the order of magnetic length, can be expressed by the Taylor expansion around each
state’s position X as V (x) ≈ V (X) + (∂V∂x )(x−X)... ≈ ∂V

∂x x. Here all the constant terms
have been dropped, since they will not affect the final result. The Hamiltonian with this
linear scalar potential can be solved using the same ansatz as before Ψk(x, y) = eikyfk(x).
The task is yet again to rewrite the new Hamiltonian as a shifted quantum harmonic
oscillator by completing the square:

H =
p2
x

2m
+

1

2
mω2

c

((
kl2B +

∂V

∂x

1

mω2
c

)
+ x

)2

− 1

2mω2
c

(
∂V

∂x

)2

− kl2B
∂V

∂x
(B.7)

Two extra terms are introduced when completing the square, but since they are constant
in ~k-subspace they enter directly into the expression for the shifted eigenenergies:

En(k) = ~ωc(N +
1

2
)− 1

2mω2
c

(
∂V

∂x

)2

− kl2B
∂V

∂x
(B.8)

The eigenenergies are now dependent on momentum and the degeneracy of LLs is
lifted. In addition, there is also now a finite drift velocity. The drift velocity is defined as
vy = 1

~
∂En
∂k = − 1

eB
∂V
∂x . Importantly this means that the drift velocity on opposite edges

(x or -x) of the Hall bar point in opposite y-directions. The eigenfunctions are similar to
the bulk case, so there is still localization in x-direction. In total this means that there
exist localized edge states with chiral edge currents along the y-direction.

118



B.2 Tight-binding Graphene

The following tight-bindng calculation is an extension of the discussion in Chapter 2.1.
The tight-binding wave function for the two-atom unit cell of graphene is:

Ψλ
k(r) = Cλk,A(r)Φλk,A(r) + Cλk,B(r)Φλk,B(r) (B.9)

where A, B represent the two atoms in the graphene unit cell stemming from the
two sub-lattices, k is the momentum vector, λ is the band index, and Φλk(r) =

1√
N

∑
RN

eikRNφλ(r−Ri) is the tight-binding wave function where φλ(r−Ri) represent

2pz-orbital wave functions. The solution to the Schrödinger equation HΨλ
k = EλkΨλk are

found by first multiplying with Φλ∗k,A and integrating over all space, and then doing the

same for Φλ∗k,B. The resulting two equations are combined into the matrix:(
HAA − EλkSAA HAB − EλkSAB
HBA − EλkSBA HAA − EλkSAA

)(
Cλk,A
Cλk,B

)
=

(
0
0

)
(B.10)

Here Hij =
∫

Φλ∗
k,iHΦλ

k,jdr and Sij =
∫

Φλ∗
k,iΦ

λ
k,jdr. The equivalence between A and B

atoms lead to SAB = S∗BA, HAA = HBB, HAB = H∗BA. The transfer matrix element
HAB and overlap integrals SAB are simplified using the nearest-neighbor approximation:

HAB =
1

N

N∑
A

N∑
B

eik(RB−RA) 〈φ(r−RA) |H |φ(r−RB)〉 =

=
1

N

N∑
A

3∑
Bnn

eik(RB−RA) 〈φ(r−RA) |H |φ(r−RB)〉 =

=
1

N
N

3∑
δi

eikδi 〈φ(r−RA) |H |φ(r−RA − δi)〉 =

= γ0(eikδ1 + eikδ2 + eikδ3)

(B.11)

Here δi represent the vectors to the three nearest carbon atoms and are expressed in
terms of graphene lattice vectors δ1 = 1

3 (a1 + a2), δ2 = 1
3 (a2 − 2a1) and δ3 = 1

3 (a1 − 2a2).
This results in:

HAB = γ0e
i 13k(a1+a2)(1 + e−ika1 + e−ika2) =

= γ0e
i 13k(a1+a2)f(k)

SAB = s0e
i 13k(a1+a2)f(k)

(B.12)

γ0 and s0 are real-valued and are related to the hopping and orbital overlap integral
respectively. The energy eigenvalues Eλk of graphene are then found from the determinant
of Equation B.10. The solution can be simplified by fixing the value of some matrix
elements. HAA = HBB = ε0 is the self/site energy of the atomic orbitals. SAA = SBB = 1
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due to the normalized atomic orbital wave functions. The determinant now can be solved
to yield an expression for the band structure:

Ek =
ε0 ± γ0 |f(k)|
1± s0 |f(k)| (B.13)

Note that the band index has been omitted. Recall that f(k) = (1 + e−ika1 + e−ika2)

which leads to the norm |f(k)| = ((1+e−ika1 +e−ika2)(1+eika1 +eika2))
1
2 . The simplified

form is:
The simplified form is:

|f(k)| =
√

3 + 2 cos(ka1) + 2 cos(ka2) + 2 cos(ka1 − ka2). (B.14)

What remains is to determine the three tight-binding parameters ε0, γ0 and s0. They
can be determined by, for instance, experimentally measuring the Fermi velocity, or from
ab initio calculations. When considering only strictly nearest-neighbor interactions the
self-energy is commonly set to zero ε0 = 0. This results in the valence and conduction
bands crossing at the K point in accordance with experimental observations. The hopping
energy is usually set to γ0 ≈ −3 eV [30]. The overlap integral s0 relates to the asymmetry
between conduction and valence bands and can be ignored at lower energies s0 = 0.
Finally, the low-energy band structure for graphene, as shown in Figure 2.2, is:

Ek = ±γ0 |f(k)| =
√

3 + 2 cos(ka1) + 2 cos(ka2) + 2 cos(ka1 − ka2) =

± γ0

√
3 + 2 cos(

√
3a0ky) + 4 cos(

3a0

2
kx) cos(

√
3a0

2
ky)

(B.15)

kx and ky are the x̂ and ŷ components of the wave vector respectively. The energy is
zero only at K or K′, the so called Dirac points. Since the valence and conduction bands
meet at the Dirac points, graphene is referred to as a zero gap semi-metal.
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Abstract
Wedemonstrate quantumHall resistancemeasurements withmetrological accuracy in a small
cryogen-free systemoperating at a temperature of around 3.8K andmagnetic fields below 5T.
Operating this system requires little experimental knowledge or laboratory infrastructure, thereby
greatly advancing the proliferation of primary quantum standards for precision electricalmetrology.
This significant advance in technology has come about as a result of the unique properties of epitaxial
graphene on SiC.

1. Introduction

One of the goals of the modern-day metrology is to
provide quantum standards at the fingertips of the end-
users, shortening the calibration chain from primary
standards to the final product. A shorter calibration
chain will result in a higher accuracy for end-users
which can be exploited to develop more advanced test
and measurement equipment and subsequently lead to
societal benefits wheremeasurement is an issue.

Resistance metrology is one of the cornerstones of
electrical metrology with most national measurement
laboratories around the world providing an extensive
range of calibration services across many decades of
resistance value [1]. The primary standard for resis-
tance is based on the quantum Hall effect (QHE) [2]
which is presently realized by a lot fewer laboratories
[3]. This is because the infrastructure needed to create
the QHE in conventional semiconductor systems is
quite elaborate and expensive as it requires tempera-
tures of 1 K or below andmagnetic fields around 10 T.
Another important barrier is the expertise needed to
run a quantum Hall system and verify the correct
operation and quantization parameters. Finally, liquid
Helium is becoming a scarce resource, significantly
increasing in price year on year, and not readily avail-
able in every country.

A simpler, cryogen-free, system is needed if more
laboratories are to realize the primary standard
directly and this has recently become possible with the
advent of graphene. One of the first properties
observed in graphenewas theQHE and it was immedi-
ately realized that it is ideal for metrology by virtue of
its unique band structure [4–7]. The Landau level
quantization in graphene is a lot stronger than in tradi-
tional semiconductor systems which implies that both
a lower magnetic field can be used and that the low
temperature constraint is more relaxed [6]. Following
the original demonstration of high-accuracy quantum
Hall resistance measurements in epitaxial graphene
grown on SiC [8] and proof of the universality of the
QHE between graphene and GaAs [9], recently these
results have been very nicely reproduced by a number
of different research groups [10–12]. Particularly, a
recent publication by the Laboratoire national de
métrologie et d’essais (LNE) group has demonstrated
that high accuracy can be achieved over a large experi-
mental parameter range [12]. These results also
demonstrate that devices which show extraordinary
good QHE at highmagnetic field and low temperature
are not necessarily optimum for low magnetic field
and high temperaturemeasurements.

Measurements of the QHE at low magnetic field
are complicated by the fact that the carrier density
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needs to be reduced to a level well below the as-grown
density of epitaxial graphene on SiC [13] (SiC/G).
Unlike exfoliated graphene on SiO2, gating of gra-
phene on SiC is not straightforward [14–16]. Recently,
a novel technique was demonstrated which creates a
static top-gate by depositing ions via corona discharge
[17]. This technique allows for a systematic control of
the carrier density and both n and p-type densities can
be achieved on both sides of the Dirac point. Impor-
tantly thismethod is fully reversible and can be applied
repeatably. Another issue with low carrier density gra-
phene is the homogeneity. Under these conditions it is
well known that electron–hole puddles form [18]
induced by charged impurities, however, in epitaxial
graphene the disorder strength can be of order
10meV, comparable toflakes on boron-nitride [19].

Here we demonstrate for the first time measure-
ments of the QHE with part-per-billion (ppb)-accu-
racy in a small table-top cryogen-free pulse-tube
system. Both the longitudinal resistivity Rxx and the
contact resistance Rc were well within the limits set by
the guidelines for primary resistive metrology [20].
Using corona gating the carrier density was controlled
such that the maximum breakdown current occurred
just below the maximummagnetic field of our system.
The noise sources in the systemwere reduced to a level
such that the overall standard deviation of the mea-
surements was comparable to those achieved for a
conventional liquid 4He/3He system. The system is
extremely easy to operate (it has only one button) and
can run unattended for months on end, providing a
stable and primary resistance reference whenever and
wherever it is needed.

2.Device design and fabrication

Graphene was grown on the Si-face of SiC at
T 2000 C= ◦ and P= 1 atm Ar (Graphensic AB) [21].
In total 20 Hall bars (see figure 1) of different
dimensions (30 and 100 mm wide channels) and
voltage probe types were patterned on the SiC/Gusing
standard electron-beam lithography, lift-off, and oxy-
gen plasma etching, as reported elsewhere [22]. The
Hall bars are oriented parallel or perpendicular with
respect to the predominant step edge direction of the
SiC substrate. The sample was spin-coated with a thin,
100 nm, layer of poly(methyl methacrylate-co-metha-
crylate acid), henceforth P(MMA-MAA) (MicroChem
Corp., PMMA copolymer resist solids 6% in ethyl
lactate).

All results presented in this paper are measured on
a Hall bar with a 30 mm wide and 180 mm long chan-
nel. A comprehensive study of all devices on this chip
will be presented at a later date.

3. Themeasurement system

The measurement system for primary resistance con-
sists of two parts, the quantum Hall system and the
measurement bridge.

3.1. Table-top cryogen-freeQHRcryostat
Today, cryogen-free superconducting magnet systems
have become omnipresent in low temperature physics
laboratories because of their ease-of-use and reduced
operational cost. In particular, for low magnet fields,

5 T , these systems can very small and simple. The 5
T superconducting magnet in our system is only
7.5 cm tall with an outer diameter of 6 cm. The
inductance is 0.5 H and is small enough to be cooled
by a 0.25 W pulse-tube cooler (see figure 2). The bore
of this magnet is 3 cm in diameter which large enough
to take a standard TO8 header used in QHR metrol-
ogy. The system has high-TC current leads for the
magnet which requires ∼60 A for full field. After
evacuation the system cools down in approximately
5 h from room temperature to∼3.8 K.

In a cryogen-free system there are a number of
noise sources not normally present in a traditional wet
system. There is the compressor which produces the
high-pressure helium gas and the rotating valve and
stepper motor on top of the cryostat. These sources of
noise need to be controlled and reduced as much as
possible so as to not compromise the sensitivity of the
measurement system. The noise of the compressor can
simply be reduced by either placing an acoustic
box around it or locating it in an adjoining space on
the other side of a separating wall. Recently, a new type
of high pressure hose was developed which sig-
nificantly reduces the high-pitched hiss. These so-

Figure 1.Opticalmicroscope image of a typical device used in
our experiments (not the one used for the actual experi-
ments). The channel width is 100 mm , dark area is graphene
channel, light area is SiC substrate and gold are themetallic
contact.
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called quiet hoses have two beneficial effects, firstly it
significantly reduces the vibrations in the cryostat sys-
tem and secondly it is much more pleasant for the
operator. Another improvement has been to replace
the standard pulsed drive unit for the stepper motor
with a low noise linear drive system. A number of
other modifications are, plastic isolators on the high
pressure lines to galvanically isolate the compressor
from the cryostat and filters on the magnet current
leads. Inside the cryostat care has to be taken that
the experimental wiring is as tightly fixed as possible to

reduce the effect of vibrations. Also the measurement
wiring requires good heat sinking because these
are relatively short compared to traditional wet
systems.

The corollary of these improvements can be seen
in the noise traces in figure 3. The traces are measured
on the sample wires with a spectrum analyser before
and after the modifications. A reference trace with the
compressor switched off is also shown.We can see that
the low frequency noise peaks are reduced by more
than two orders of magnitude and noise floor is equal

Figure 2. (a) Inside of the cryostat cooler showing the small superconductingmagnet,mounted at the bottomof the PT2 Stage. (b)The
systemwith vacuumcanmounted. The overall height of the system is around 80 cm.

Figure 3.Current noisemeasurement traces before (blue) and after (red)modification of the pulse-tube cryostat. The black trace was
measuredwith the pulse-tube compressor switched off. Current noisewasmeasured on the samplewires without a sample present.
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to that measured with the compressor switched off.
The higher frequency noise is largely unaffected by the
modifications but this noise is outside the measure-
ment bandwidth and is not critical.

3.2. The cryogenic current comparator (CCC) bridge
High accuracy measurements of resistance ratios are
generallymade using a so-called CCC bridge. The fully
automated CCC bridge used in our experiments has
been described in great detail before [23, 24]. In a CCC
bridge, currents are locked in the inverse ratio of the
resistances being compared. A CCC establishes the
current ratio by passing the currents along wires
through a superconducting tube and measuring the
residual screening current on the outside of the tube
with a superconducting quantum interference device
(SQUID). The difference between the voltages devel-
oped across the resistors is measured using a sensitive
voltmeter and allows one resistor to be determined
with respect to the other. In primary resistance
metrology one of the resistors is a quantumHall device
with a resistance value exactly equal of R R iH K=
where R h eK

2= , e is the elementary charge, h is the
Planck constant and i is an integer and generally i= 2
or 4 is used for semiconductor devices. In graphene,
owing to the bandstructure, only i= 2 is available. The
maximum achievable sensitivity of the bridge depends
for a large part on the signal-to-noise ratio in the
voltmeter and therefore on the maximum current
used to drive the resistors (the Johnson noise in the
resistors is the other limiting factor) [23]. Under
optimum conditions measurement accuracies in
access of 1 part in 1010 can be achieved [9, 25].
However, for routine resistance metrology a few parts
in 109 in a reasonablemeasurement time ( 15~ min) is
perfectly adequate. In the present system the cryogenic
environment needed for the superconducting tube
and SQUID is provided by a traditional liquid helium
cryostat.

4. Characterization

Figure 4 shows an example measurement of Rxx and
Rxy made at the base-temperature of 3.8 K in the
cryogen-free system described in the previous section.
The curves display the familiar shape characteristic for
epitaxial graphene on SiC which has been observed
many times before [8, 10, 12, 14, 26–28]. The carrier
density was reduced to 5.4 10 cm10 2´ - by corona-
gating from the as grown density of n 10 cm12 2» - . A
wide plateau in Rxy is observed whilst Rxx is zero. The
width of the plateau is much larger than would be
expected from the low field carrier density. This
behaviour is explained in terms of a magnetic field
driven charge transfer from the interface layer to the
graphene layer which results in an increase in carrier
density as the magnetic field increases and effectively
pins the Fermi level at exactfilling of 2n = [13, 28].

When attempting to make accurate quantum Hall
resistance measurements the first step is to properly
characterize the sample according to guidelines set out
for primary resistance metrology [20]. Key parameters
are the longitudinal resistance (Rxx) and contact resis-
tance (Rc) at the desired measurement current. The
longitudinal resistance needs to be as low as possible
and preferably below a few tens of mW and checked on
both sides of the device. Often thesemeasurements are
limited by the resolution of the nanovoltmeter and
other methods can be employed to verify accurate
quantization [20]. The contact resistance can be accu-
rately determined using a three terminalmeasurement
technique in the quantized Hall state. This method
determines R Rc l+ where Rc is the contact resistance
and R 6.4l = W is the lead resistance in the cryostat in
our system. For our device we find Rc between 0.1 and
1 W for all contactsmeasuredwith a current of 10 Am .

The optimum conditions for QHR measurements
are easiest to obtain when the breakdown current is
maximum and significantly larger than the source-
drain measurement current, Isd. Here the breakdown

Figure 4.Rxx (red) andRxy (blue) on an epitaxial grapheneHall bar device at 3.8 K in the cryogen-free cryostat,measuredwith a
source-drain current of I 100sd = nA.
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current is defined as the maximum source-drain cur-
rent the device can sustain before a measurable long-
itudinal resistance appears. We typically use a limit of
10 nV for Vxx which for I 10 Asd m= would imply
R 1 mxx = W. For higher carrier density devices, the
breakdown current tends to be higher because the

2n = state occurs at a higher magnetic field [29]
which is simply related to the fact that at higher mag-
netic field, the Landau levels are further apart and
hence the quantization is stronger [29]. For epitaxial
graphene Isd was shown to follow a B3 2µ behaviour
similar to that observed in semiconductor sys-
tems [30].

This effect poses a particular problem for optimiz-
ing the carrier density for accurate QHR measure-
ments at the low magnetic fields available in our small
cryogen-free system. If the carrier density is too low
themaximum in the breakdown current will occur at a
very low magnetic field and its value will be also low.
Figure 5 (a) shows a measurement of Rxx at a
n 2.3 10 cm10 2= ´ - very close to the Dirac point.
For a I 1 Asd m= we find that the longitudinal resis-
tance is always larger than a few Ohms and conse-
quently the device is not properly quantized. Figure 5
(b) shows Rxx at a n 5.6 10 cm10 2= ´ - and we can
observe proper quantization in a 2 T range for

I 10 Asd m= but for I 20 Asd m= , Rxx is in the mW
range and the device becomes unquantized (see
below). When the carrier density is set even higher (see
figure 5 (c)), quantization becomes stronger but the
usable magnetic field range shrinks to around 0.5 T.
The bottom graph in figure 5 shows a high-resolution
measurement of Rxx in this range demonstrating long-
itudinal resistance of order 10 mW and confirming
proper quantization.

Using the magnetic field dependent charge-trans-
fer model it is straightforward to estimate the opti-
mum charge carrier density for maximum breakdown
current [28]. Assuming that themaximumbreakdown
current will occur when 2n = filling factor coincides
with our maximum magnetic field of 5 T [29], gives a
carrier density of 2.4 10 cm11 2» ´ - . Setting this den-
sity as n¥ in the model calculation of [28] allows us to
obtain the zero field carrier density. n =¥

nA

e c g1 c
2 -g
g+

in which A is the difference in work

function between graphene and the donor states in
SiC, γ is the density of donor states, cc is the classical
capacitance and ng is the deposited corona gate charge.
Using γ as a fit parameter we obtain a value for the
optimum carrier density of n 1.3 10 cmS

11 2» ´ -

(see figure 6).

Figure 5.Top graph:Rxx as a function ofmagnetic field for different charge carrier densities. Temperature is ≈3.8 K. Plot (c) also
shows the breakdown current IC as a function ofmagnetic field. Bottomgraph: high-resolutionmeasurement ofRxx in a 1 Tmagnetic
field range for n 1.6 10 cm11 2= ´ - . This resolutionwas obtained by repeatedmeasurements (typically 50 to 100) ofVxxwith positive
and negative Isd.
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Figure 7 shows the measured maximum break-
down current measured at B = 5 T as a function of
zero field charge carrier density for two sets of data 3
months apart. The graph confirms that optimum car-
rier density is around n 1.3 10 cmS

11 2= ´ - . For the
later data set the breakdown current was almost half
the original breakdown current which could be related
to the degradation of one of the current contacts
on the device after repeated thermal cycling and
re-wiring. The cause of this degradation is yet unclear
and needs to be investigated further because QHR
devices for quantum resistance metrology need to be
stable and reproducible over long periods of time. The
original maximum breakdown current is 60 Am
which for our channel width of 30 mm implies a cur-
rent density of 2 Am 1- density which is close to the
theoreticalmaximum [29].

5.QuantumHall resistancemeasurements

Figure 8 shows the central result of this paper. Here we
measured the quantum Hall resistance in terms of a
nominally 100 W temperature controlled standard
resistor using the CCC bridge. The data in figure 8 is
normalized to the mean value of the resistor since we
are not concerned with the absolute accuracy of the
QHE in graphene which was established earlier [9].
The measurements are made at two different source-
drain currents ( 10» and ≈20 Am ) as a function of
magnetic field. Comparing the data for 10 Am with
that for 20 Am it is clear that for the larger measure-
ment current, the device is not properly quantized.
This fact is also confirmed by the measurement of Rxx

which show a significant deviation from zero for this
larger current. The low breakdown current is not a

Figure 6. nS versusmagnetic field using themodel from [28] (thick black line). Red lines are constant filling factors and green lines are
n B N,S ( ). Blue line isRxymeasured for a device with n 1.3 10 cmS

11 2» ´ - (right hand axis) together with themeasured breakdown
current (purple squares and second purple right hand axis). Vertical dashed line indicatesmaximummagnetic field of 5 T and
horizontal dashed line indicates zero field carrier density of 1.3 10 cm11 2´ - .

Figure 7.Breakdown current, Ic versus carrier density ns atB= 5T andT= 3.9 K. Black squares are for thefirstmeasurement run
when the device was new and red triangles are for the second run 3months later. Red lines are polynomial fits which serves as guide to
the eye.
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major issue because the sample chip contains a
number of devices with a larger width (100 mm ) in
which the breakdown current will be correspondingly
larger (to be published). For the smaller measurement
current, accurate quantization is observed over a 2 T
magnetic field range which is perfectly adequate for
primary resistancemeasurements.

The measurement resolution obtained for most
individual measurements of Rxy in figure 8 is 5 parts in
109 for a 15 minmeasuring time. A fewmeasurements
are made over a longer time (several hours) and are of
order 5 part in 1010. This compares very well with tra-
ditional QHR systems, especially considering that for
the cryogen-free system, there is in principle no limit
on the availablemeasurement time.

Figure 9 shows an Allan deviation plot of the mea-
surement resolution for a longmeasurement run toge-
ther with results obtained from a previous measure-
ment using our standard quantum Hall system [24].
Both curves show the expected 1 t behaviour for
uncorrelated white noise. The lower measurement
resolution of the cryogen-free system can be explained
by the lowermeasurement current used (20 Am versus
100 Am ) and the higher current noise of the null detec-
tor (A20 null-detector versus SQUID null detector),
resulting in a factor of 10 difference. For both the cryo-
gen-free system and the traditional system the theore-
tical optimum measurement resolution is still a factor
of 5 better. This is caused by the fact that the noise of
CCC-SQUID combination in our systems is about a

Figure 8.Top panel:Rxy (black) andRxx (red) as a function ofmagneticfieldmeasured at a small (100 nA) source-drain current (right
axis). Symbols:Measurement ofRxy against standard resistor usingCCCbridge. The deviation is calculated as a difference from the
mean value of the standard resistor in the range of 3 to 4.5 T. Bottompanel:Measurement ofRxx over the samemagnetic field range for
two differentmeasurement currents.

Figure 9.Allan deviation for a longmeasurement run comparedwith previously published data in [24]. Green triangles:Measured
using cryogen-free system (5 T and 3.9 K)with a source-drain current of 20 Am and aCCCbridgewith A20 null detector [23]. Each
data point represents a 90 smeasurement section composed of three 30 smeasurements of either forward or reverse current direction.
Black squares:Measured using traditional systemwith 14 Tmagnet-300mK temperature and source-drain current of 100 Am . The
CCCbridge uses a SQUIDnull detector and each data point represents 30 s ofmeasurement timemade up of three blocks of 10 s.
Purple dots: Theoretical optimummeasurement resolution for each system. Blue line: 1 t .
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factor of 5 higher than that of the bare SQUID sen-
sor [24].

6. Summary/outlook

The results presented here demonstrate that with
epitaxial graphene on SiC it is possible to achieve part
per billion accuracy in primary resistance metrology
using a simple cryogen-free system.Measurements are
presented as a function of magnetic field and different
source-drain current densities which demonstrate that
the operational parameters are sufficiently wide for
easy and reliable use. Care has to be taken to adjust the
charge carrier density to the optimum value to ensure
a maximum breakdown current density. Corona
gating at room temperature and subsequent freezing
of the doping is beneficial compared to applying a gate
voltage during QHR measurements because no addi-
tional noise is injected into the system, but this comes
at the expense of the practical inconvenience of
thermal cycling the system.

Another practical aspect which needs addressing is
the CCC bridge. At the moment this bridge requires a
liquid helium dewar to provide the low temperature
for the superconducting shield and SQUID. In a sepa-
rate cryogen-free cryostat we have recently demon-
strated that a CCC can be operated in such an
environment (to be published). The challenge is to
integrate the CCC in the same cryogen-free cryostat as
the QHE system and our plan is to do this in the next
design iteration of the system.

An alternative to a CCCwould be a room tempera-
ture comparator bridge. In order to obtain the
required ppb-accuracy a large (at least 100 Am ) source
drain current through the quantumHall device is nee-
ded which is beyond the breakdown current of a single
SiC/G device at low magnetic field and high tempera-
ture. In a quantum Hall array many devices can be
operated in parallel, lowering the resistance value and
increasing the total measurement current. The epitax-
ial graphene needs to be sufficiently homogeneous so
that the operational parameters of all QHR devices
overlap and all contacts need to be low ohmic.
Recently, the first SiC/G quantum Hall array at
R 200K has been demonstrated [31].

Dissemination and proliferation of primary quan-
tum standards is one of the key objectives of funda-
mental metrology. The results presented in this paper
could be transformative for future resistance metrol-
ogy by creating the opportunity for many more
metrology and calibration laboratories to realize their
own primary resistance traceability. This will shorten
the calibration chain and lower the uncertainty which
can be provided to end users with all its implicit bene-
fits. A number of technical issues remain to be addres-
sed but the basic principle of operation has been
demonstrated.
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Abstract  —  We have demonstrated quantum Hall resistance 
measurements with metrological accuracy in a relatively easy to 
use and compact cryogen-free system operating at a temperature 
of around 3.8 K and magnetic field below 5 T. This advance in 
technology is due to the unique properties of epitaxial graphene 
on silicon carbide (SiC) which lifts the stringent requirements for 
quantum hall effect seen in conventional semiconductors. This 
paper presents the processes involved in fabrication and 
characterization of metrologically viable epitaxial graphene 
samples. 

Index Terms — Epitaxial layers, Graphene, measurement 
standards, microfabrication, quantum hall effect 

I. INTRODUCTION 

One of the challenges of modern-day metrology is to 
shorten the traceability chain by bringing quantum standards 
closer to the end-user. Solving this problem will lead to 
improved calibration accuracy for users and is highly 
beneficial for projects where accurate measurements are an 
issue. Advancement towards this goal was done by utilizing 
the special properties of epitaxial graphene on silicon carbide 
to make a small cryogen-free table-top system which is 
relatively easy to operate and shows quantum hall resistance 
quantization with metrological accuracy below 4 K and 5 T 
[1]. This work will focus on the fabrication and 
characterization of epitaxial graphene samples used in the 
table-top system.  

II. EPITAXIAL GRAPHENE ON SILICON CARBIDE 

The most accurate resistance standards are based on the 
quantum Hall effect (QHE) which can be achieved in 
conventional semiconductors, e.g. GaAs, at temperature below 
1 K and in magnetic fields around 10 T. The harsh constraints 
make these measurements quite complicated and expensive to 
perform. After graphene was first experimentally isolated in 
2004 the discovery of QHE in graphene followed quickly [2]. 
Owing to its unique Landau level quantization the low 
temperature and high magnetic field constraints are relaxed for 
QHE in graphene systems which facilitate measurements. 

The possibility of highly accurate quantum hall 
measurements in epitaxial graphene on silicon carbide (SiC) 
was originally demonstrated in 2010 [3]. The graphene 
samples compared favorably to GaAs systems by reaching 
resistance quantization accuracy of a few parts per billion. 

Using graphene on SiC comes with many advantages such 
as: accurate quantization can be achieved at 4 K and 5 T, the 
resistance plateau (typically filling factor n=2) is stable over a 
wide range of magnetic fields, critical currents are high which 
improves signal-to-noise ratio, high quality monolayer 
graphene can be grown on a wafer scale on SiC and no 
graphene transfer is needed since SiC is a wide-gap 
semiconductor. Some disadvantages, which can be mitigated, 
are: strong intrinsic n-doping from the substrate and bilayer 
inclusions which can be detrimental to device performance.  

III. SAMPLE PREPARATION 

A. Graphene Growth 

Graphene samples are grown epitaxially on the Si-face 
(0001) of SiC using thermal decomposition. The SiC substrate 
is heated to 2000 oC while being kept in an argon environment 
at 1 atm pressure [4]. Typical samples sizes are 7x7 mm SiC 
chips covered uniformly by monolayer graphene. 

B. Optical Characterization 

After growth samples are inspected using a simple optical 
microscopy technique to look for surface inhomogeneities [5]. 
While the entire chip is covered by monolayer graphene 
(without grain boundaries) there are places where patches of 
bilayer exist which could spoil device performance depending 
on their size and orientation. This is due to the fact that when 
the monolayer graphene enters the quantum hall regime 
bilayer patches can stay normal or even become insulating. 
Using optical microscopy with real-time digital filtering and 
image post-processing it is possible to identify bilayer patches 
and choose the optimal location for graphene Hall bars which 
typically have channel widths around 30-100 um.  
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point by polymer-assisted assembly of molecular
dopants
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Tuning the charge carrier density of two-dimensional (2D) materials by incorporating

dopants into the crystal lattice is a challenging task. An attractive alternative is the surface

transfer doping by adsorption of molecules on 2D crystals, which can lead to ordered

molecular arrays. However, such systems, demonstrated in ultra-high vacuum conditions

(UHV), are often unstable in ambient conditions. Here we show that air-stable doping of

epitaxial graphene on SiC—achieved by spin-coating deposition of 2,3,5,6-tetrafluoro-tetra-

cyano-quino-dimethane (F4TCNQ) incorporated in poly(methyl-methacrylate)—proceeds

via the spontaneous accumulation of dopants at the graphene-polymer interface and by the

formation of a charge-transfer complex that yields low-disorder, charge-neutral, large-area

graphene with carrier mobilities ~70 000 cm2 V−1 s−1 at cryogenic temperatures. The

assembly of dopants on 2D materials assisted by a polymer matrix, demonstrated by spin-

coating wafer-scale substrates in ambient conditions, opens up a scalable technological route

toward expanding the functionality of 2D materials.
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Homogeneous doping of graphene down to low carrier
densities enables the study of delicate and fascinating
physics at the Dirac point. The prime experimental

archetypes for the study of Dirac physics in solid-state devices are
van der Waals (VdW) hetero-structures of graphene and hex-
agonal boron nitride (hBN). In these, extremely low carrier
densities in graphene are attainable, especially when prepared on
atomically flat, electrically conductive substrates that screen long-
range potential fluctuations (i.e. disorder) in the graphene
layer1,2. Typically microscopic in size, VdW hetero-structures are
prone to size-induced mesoscopic effects that obscure novel
physical effects expected in graphene at charge neutrality. Large-
area graphene, uniformly doped to the Dirac point as in the case
of VdW hetero-structures, is required to unveil the intimate
details of, for instance, metal-insulator transitions3, interacting
Dirac fermions4, and Zitterbewegung of electrons in graphene5.
Atomically flat, large-scale epitaxial graphene on SiC (SiC/G) has
demonstrated its potential for scalability in applications that
demand extremely high-quality graphene over large areas,
including quantum metrology6,7 and high-frequency
electronics8,9. Yet, in practice, carrier density control of SiC/G
remains a challenge because of high intrinsic n-doping (n > 1013

cm−2) due to interaction with the substrate, making it difficult to
substantially tune its carrier concentration10. While numerous
gating techniques have been applied to SiC/G to reduce its carrier
density8,9, such approaches introduce carrier density fluctuations,
which prevent further explorations of Dirac physics in this
material.

Here we show a molecular approach to control the carrier
density of epitaxial graphene homogeneously over macroscopic
areas, yielding graphene with low carrier density (n < 1010 cm−2),
low charge fluctuations (at the level of Δn ≈ ± 6 × 109 cm−2), and
carrier mobilities up to 70 000 cm2 V−1 s−1 at low temperatures.
So far, such electron transport properties have only been attained
in microscopic single-crystal graphene flakes encapsulated by
hBN11 or in suspended graphene12. The doping method described
here was applied to samples over 5 × 5 mm2, resulting in epitaxial
graphene devices that display quantum Hall effect at magnetic
fields B < 1 T. These measurements indicate, as we elaborate
below, a highly homogeneous spatial distribution of charge car-
riers on graphene. Chemical analysis reveals that air-stable
molecular doping of graphene is achieved when organic mole-
cules, embedded in a polymer matrix, diffuse through the matrix
and spontaneously accumulate at the graphene surface due to
formation of a charge-transfer complex. High-electron-affinity
2,3,5,6-tetrafluoro-tetracyano-quino-dimethane (F4TCNQ) mole-
cules are mixed in a liquid solution with poly(methyl-methacry-
late) (PMMA) and spin-coated at ambient conditions on SiC/G,
with graphene being used both as the target substrate for mole-
cular assembly and, simultaneously, as a charge sensor. The sta-
bility of the samples allows us to study the chemical composition
as well as electronic transport properties of the F4TCNQ/graphene
system. We expect this method to open up a scalable route toward
expanding the properties and functionality of graphene and other
two-dimensional (2D) materials well beyond doping control.

Results
Doping schemes. The different chemical doping schemes of
graphene devices are shown in Fig. 1b. Our devices include large
(W= 5 mm × L= 5 mm) (Fig. 1a) and small (W= 2–100 μm×
L= 10–180 μm) epitaxial graphene Hall bars fabricated by
conventional electron beam lithography (see Methods section).
When PMMA is used as a spacer between graphene and the
molecular dopant layer, the carrier density decreases three
orders of magnitude from its pristine value, n ≈ 1 × 1013 cm−2 to

near charge neutrality, n ≈ 1 × 1010 cm−2 (Fig. 1c). Importantly,
even at such low carrier densities the carrier mobility remains
high, with the largest measured value exceeding μ ≈ 50 000 cm2

V−1 s−1 at T= 2 K. The effect of doping is homogeneous over
millimeter scale and large samples display quantum Hall effect
at magnetic fields B < 1 T (Fig. 1a), retaining their low carrier
density over the course of 2 years, even under ambient conditions
(Supplementary Fig. 1). To achieve this, a 200-nm-thick layer of
the PMMA-F4TCNQ dopant blend is spin-coated onto a PMMA-
protected sample, followed by thermal annealing above the
PMMA glass transition temperature. The resulting carrier density
could be fine-tuned by the total annealing time. For a con-
centration of 7% of F4TCNQ in PMMA by weight, charge-neutral
graphene is achieved after annealing at T= 160 °C for 5 min.
Shorter annealing times yield hole-doping and longer times yield
electron-doping (Supplementary Fig. 1). Using the optimal time,
we have consistently observed a decrease in electron density by
three orders of magnitude together with a tenfold increase of
carrier mobility at T= 2 K in more than 20 devices on 11 dif-
ferent chips (Supplementary Table 1 and Supplementary Fig. 2).
Typical carrier concentrations in doped samples are of the order
of 5 × 1011 cm−2 at room temperature. They decrease to values
∼1 × 1010 cm−2 at T= 2 K, due to freezing of thermally activated
carriers13. The corresponding carrier mobilities are in the range
of 30 000–50 000 cm2 V−1 s−1 (Fig. 1d). The PMMA spacer layer
plays a crucial role in achieving high carrier mobilities. While
both PMMA and the dopant blend act independently as moderate
p-dopants when deposited directly on SiC/G, it is only when the
PMMA spacer layer is added between graphene and the dopant
blend that we observe the near to charge neutrality doping effect.
Similarly, carrier mobilities exceed 10 000 cm2 V−1 s−1 only if the
PMMA spacer and dopant blend operate in tandem (Supple-
mentary Fig. 3).

Chemical analysis of graphene-polymer hetero-structure. We
demonstrate that the doping of graphene is the result of
F4TCNQ molecules diffusing through the PMMA layer and
accumulating at the graphene surface. Figure 2a, b shows the
chemical depth profile of the polymer stack, obtained by using
time-of-flight secondary ion mass spectrometry (ToF-SIMS),
revealing both diffusion of F4TCNQ through the PMMA spacer
and the accumulation of molecules at the graphene surface.
From this we estimate the diffusion coefficient of F4TCNQ
through PMMA to be of the order of 1014 cm2 s−1 and by
integrating the areas under the ion current intensity curves, we
estimate the density of F4TCNQ molecules near the graphene
surface to be ~4.6 × 1014 cm−2 (Supplementary Fig. 4, Supple-
mentary Note 1). Graphene and metallic surfaces promote the
accumulation of F4TCNQ, while there are virtually no dopant
molecules at the polymer/SiC interface. The surface density of
F4TCNQ is roughly 50% greater on graphene (and sixfold
higher on gold) compared to that in the dopant blend layer
(Fig. 2c). We attribute the accumulation of F4TCNQ on the
graphene surface and the measured p-doping effect to the
formation of a charge transfer complex, with partially charged
F4TCNQ remaining at the graphene interface to preserve
overall charge neutrality. F4TCNQ is known to be mobile in
thin polymer films14,15, with its diffusion depending on polarity
and glass transition temperature of the polymer. When using an
inert PMMA as a host matrix, F4TCNQ remains neutral both in
the doping layer and as it diffuses through PMMA spacer
layer16. The formation of a charge transfer complex takes place
only when encountering an electron donor, such as graphene.
Once charged, the F4TCNQ anion is bound to graphene, sta-
bilized by Coulomb interaction17.
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Low charge disorder in SiC/G doped close to Dirac point. We
investigated further electron transport details of the F4TCNQ-
graphene charge-transfer complex system by introducing a top
electrostatic gate (Fig. 3a, inset) on top of a 30 μm× 180 μm Hall
bar. The top gate enables additional fine tuning of the carrier
concentration within Δn ~ 5 × 1011 cm−2 using gate voltages
VG=−100 to +200 V. At VG= 0 V the carrier density is n= 5 ×
1011 cm−2 at room temperature and graphene is in the metallic
limit. In this case, ρXX(T, VG= 0 V) decreases linearly with
temperature from its room temperature value, due to suppression
of acoustic phonon scattering. Quantum corrections to resistance
result in a log(T) dependence below the Bloch-Grüneisen tem-
perature TBG ¼ 2vphEF= kBvFð Þ ¼ 2vph�hvF

ffiffiffiffiffiffi

πn
p

= kBvFð Þ � 38K,
with the phonon velocity νph= 2 × 104 m s−1 (EF ¼ �hvF

ffiffiffiffiffiffi

πn
p

the
Fermi level of graphene, ħ the reduced Planck’s constant, kB the
Boltzmann constant, and ѵF= 106 m s−1 the Fermi velocity in
graphene18). In contrast, when graphene is gated to the Dirac
point, the sheet resistance ρXX(T, Vg=−50 V) monotonically
increases as the temperature drops, though remains finite with no
indication of a transport gap in the current voltage characteristics
down to T= 2 K (Fig. 3a).

To characterize the magnitude of carrier density fluctuations
(i.e. how precisely one can approach the Dirac point) we
conducted low-temperature magnetotransport measurements on
chemically and electrostatically gated devices and found these
fluctuations to be on the level of Δn ~ ± 6 × 109 cm−2 (ΔEF ~ ± 9
meV). Figure 3b shows longitudinal resistance vs. carrier
concentration in which every data point, extracted from
individual measurements of ρXX(B), RXY(B) at a fixed gate
voltage, corresponds to devices behaving as a system with a single
electronic band and spatially homogenous carrier density19–23.
That is, data points in Fig. 3b fulfill simultaneously the criteria of
linear RXY(B) at low fields19–22, and fully developed half-integer
quantum Hall Effect at high fields23, i.e. ρXX(B)= 0 Ω and strictly
quantized RXY plateau over the entire available range of magnetic
field (Supplementary Fig. 5). The gap in data around zero carrier

concentration thus corresponds to data points where graphene is
in the charge puddle regime. Under quantizing conditions, the
residual disorder in the sample causes non-zero and oscillatory
ρXX(B) once the magnetic length approaches the average charge
puddle size23,24. In our samples with low carrier density
concentration ~1010 cm−2 we have observed no deviation from
ρXX(B)= 0 to the largest magnetic field available in our setup
(B= 14 T) (Supplementary Fig. 5). Thus, we establish an upper
limit for the puddle size of about lB ¼ ffiffiffiffiffiffiffiffiffiffi

�h=eB
p � 7 nm. The

charge puddle magnitude is directly connected to disorder
introduced by, e.g., topography or inhomogeneous doping25.
The small magnitude of charge puddles measured in our devices
indicate that SiC/G doped with F4TCNQ molecules is homo-
genous also at the microscopic scale, with carrier density
fluctuations comparable to those in high-quality, hBN-
encapsulated single-crystal graphene flakes obtained by exfolia-
tion11 or by chemical vapor deposition growth26 (Supplementary
Fig. 6).

It is remarkable that epitaxial graphene displays such low
disorder even at extreme dopant coverage, being decorated with a
dense layer of molecules of about 3–4 molecules per nm2 (c ≈ 3 ×
1014 cm−2, comparable to the molecular coverage of c ≈ 4.6 ×
1014 cm−2 from SIMS). We estimated the molecular density at
the graphene surface from the shift in carrier density measured in
doped graphene with respect to its pristine concentration (Δn ≈
1 × 1013 cm−2), and assuming that 0.3 electrons are withdrawn
from epitaxial graphene per molecule27,28 with 1/10 gate
efficiency10. The homogeneity in doping is in part enabled by
the high degree of F4TCNQ dispersion inside the PMMA matrix,
shown by room temperature grazing-incidence wide-angle X-ray
scattering (GIWAXs). The diffractogram in Fig. 4a, b reveals a
broad amorphous halo with a distinct diffraction peak at q= 9.6
nm−1 from PMMA (Supplementary Note 2). The absence of
diffraction spots from F4TCNQ implies the lack of molecular
aggregation (i.e. crystallites) inside the matrix. Given the size of
the F4TCNQ molecule, we propose that at this packing density a
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feasible molecular orientation of F4TCNQ is close to that of
molecules standing up on the graphene surface28. Yet, we do not
rule out molecular re-orientation or thermally induced redis-
tribution of charges in the dopant layer under the effect of electric
field, even at low temperatures. Such charge redistribution in the
dopants in close vicinity to graphene may be responsible for
screening charge inhomogeneities that facilitate highly uniform
doping1. Thermally activated motion of charges in the dopant
layer is a plausible source of the hysteresis in ρXX(T) when devices
are subjected to thermal excursion from T= 2 to 230 K (Fig. 4c).
This is also suggested by more accurate resistance measurements,
which reveal that charges in the dopant layer are mobile down to
T ≈ 113 K (Supplementary Fig. 7), in notable coincidence with the
energy scale of the measured charge inhomogeneity in doped
epitaxial graphene (ΔEF ~ ± 9 meV). The charge homogeneity of
the samples is thus determined by the temperature at which the
screening charges freeze.

Discussion
A possible explanation for the observed low disorder and high
charge carrier mobility of SiC/G at large molecular coverage is a
high degree of spatial correlation between adsorbed F4TCNQ and
impurities present on bare graphene. Together with the low
charge carrier density fluctuations, increasing impurity (e.g.
F4TCNQ) density can lead to suppression of charge scattering in
graphene if there is sufficient inter-impurity correlation present
in the system29,30 (Supplementary Fig. 8). The actual organization
and conformation of charged molecules on graphene is the result
of delicate balance between molecule-graphene interactions as
well as the intermolecular many-body dispersion forces31 in the
presence of polymer. While the exact arrangement of molecules
on graphene is difficult to probe through the thick polymer layers
with surface science techniques, the graphene layer itself utilized
as detector allows gaining an insight of such molecular reorga-
nization at the polymer-graphene interface.

In summary, we presented a method of guiding the assembly of
molecular dopants onto the surface of graphene by using an
organic polymer matrix. With the doping stability observed in
our samples, the tuneability of molecular coverage, and given the
vast catalog of polymers and organic/organo-metallic molecules,
we expect this method to open up a scalable route toward
expanding the properties and functionality of graphene and other
2D materials well beyond doping control. Moreover, the pre-
sented analysis of chemical and electron transport properties of
doped graphene sheds light on the complex processes that
molecular dopants undergo when embedded in polymers. This is
relevant to the understanding of performance, materials, and
interfaces in organic electronic devices, especially when combined
with 2D materials. This method can be explored in the future to
create and study electron transport properties of novel 2D sys-
tems of ordered molecular arrays templated by 2D crystals32–35.

Methods
Sample fabrication. Monolayer SiC/G was grown on the Si-face of SiC using
thermal decomposition of 7 mm × 7mm 4H(0001)-SiC substrates. The samples
were grown in argon atmosphere of 800 mbar, and kept at a temperature of around
1700 °C for 5 min36. Optical microscopy37 revealed a typical surface coverage of
>95% monolayer graphene.

Epitaxial graphene Hall bars were fabricated using electron beam lithography
described in detail elsewhere38. The electrical contacts were fabricated using
physical vapor deposition of Ti and Au, 5 and 80 nm thick, respectively. After
fabrication samples were cleaned using isopropyl alcohol, acetone, and dried using
nitrogen gas. For pristine SiC/G (shown in Fig. 1b) a hBN flake was exfoliated and
transferred to pristine SiC/G using a polydimethylsiloxane stamp. To clean the
interface the sample was annealed in argon 800 mbar at 755 °C, after which
standard lithography was performed.

The dopant blend consisted of a mixture of F4TCNQ (Sigma-Aldrich) and
PMMA (Microlithography Chemicals Corp., molecular weight 950 000). A unit of
25 mg of dry F4TCNQ powder was mixed with 3 ml anisole solvent. A volume of
0.5 ml of this solution was then mixed with 1 ml PMMA A6 (6% PMMA by weight
in anisole). The PMMA spacer layer and encapsulation layers used either PMMA
A4 (5% by weight in anisole) or PMMA-based copolymer (MMA (8.5) MAA) EL6
(6% by weight in ethyl lactate solvent). All polymer layers were deposited on
graphene using spin-coating at 6000 rpm for 1 min. After each spin-coating step a
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Fig. 4 F4TCNQ in PMMA matrix. a Grazing-incidence wide-angle x-ray scattering (GIWAXs) measurements taken on SiC/G with dopant blend and
PMMA spacer (inset) (ambient condition, room temperature, 0.15° incident angle). The diffraction ring with radius q= 9.6 nm−1 from PMMA and the
absence of F4TCNQ diffraction spots suggests a good molecular solubility in the polymer matrix. The color bar shows the normalized intensity, after a
constant diffuse scattering background has been subtracted. The white dotted region denoted over which azimuthal angles the intensity profile in b has
been averaged. b The reference sample, without F4TCNQ in the dopant blend displays a clear peak diffraction ring with radius q= 9.6 nm−1; the addition of
F4TCNQ molecules enhances the signal twofold. c Stability of doping at low temperature in a device that has been cooled down from room temperature.
Starting at T= 300 K we applied a gate voltage VG=+50 V during cool down. Once we reached T= 2 K, the gate terminal is set to VG= 0 V and sample
sheet resistance acquires a value of ρXX= 4 kΩ (point A). Thermal excursions to T= 50 K (B), 100 K (C), and 150 K (D) result in reversible ρXX(T) along
the black curve. Once temperature exceeds T= 150 K (E), ρXX(T) irreversibly changes to a higher resistive value (red curve), and on cooling down back to
T= 2 K, the sample resistance takes a value of ρXX= 5 kΩ (F). In the absence of the gate voltage, the sample resistance remains in the higher resistance
ρXX(T) branch
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5 min baking step on a hotplate set at 160 °C follows. The dopant blend is an
exception, since the baking time dictates the final doping level.

The electrostatic top gate was fabricated using a shadow mask, and physical
vapor deposition of Au in order to avoid disruption of the chemically doped
sample. In order to preserve the integrity of the doping strength of graphene,
additional layers of dopant blend and PMMA encapsulation layers were deposited
before fabrication of the gate. The samples with the full stack of five polymer layers
are the most resilient to drift in carrier concentrations in ambient conditions.

Electrical measurements. Standard electrical characterization was performed in a
liquid 4He gas flow cryostat, which allowed for temperatures down to 2 K and
magnetic fields up to 14 T. All reported values of charge carrier mobility and charge
carrier concentration were extracted from four-probe Hall and quantum Hall
measurements. The standard measurement setup used current biased samples at
maximum of 100 nA DC (Keithley 6221 DC and AC current source, Agilent 34420
A nanovolt meter), in this range samples showed linear IV characteristics down to
cryogenic temperatures. The electrostatic top gate was DC biased with voltages
ranging from −100 to +200 V, where leakage current was <0.05 nA.

Secondary ion mass spectrometry. ToF-SIMS analysis was performed using a
TOF.SIMS 5 instrument (ION-TOF GmbH, Münster, Germany). The instrument
is equipped with a 25 keV Bi3+ cluster ion gun as the primary ion source and a 10
keV C60

+ ion source for sputtering and etching. The samples were analyzed using a
pulsed primary ion beam (Bi3++, 0.34 pA at 50 keV) with a focus of approximately
2 μm at a field of view of 150 µm × 150 µm. The mass resolution using this setup
was at least M/ΔM= 5000 full width at half maximum at m/z 500. All spectra were
acquired and processed with the Surface Lab software (version 6.4, ION-TOF
GmbH). Depth profile analysis was performed using a C60

++ beam at 20 keV with
a current of 0.2 nA in a non-interlaced mode with 1 s of analysis, 1 s of sputtering,
and a pause of 1 s for each sputter cycle at 350 µm × 350 µm. The maximum ion
dose density of Bi3++ was kept between 4 × 1012 and 7 × 1012 cm−2 over the whole
depth profiling experiment, while the ion dose for C60

++ ranged from 2 × 1014 to
4 × 1014 ions per cm2. Low-energy electrons were used for charge compensation
during analysis.

Grazing-incidence wide-angle X-ray scattering. Data were obtained at the D1-
beam line at the Cornell High Energy Synchrotron Source at Cornell University.
The measurements used a positron beam with synchrotron radiation of a wave-
length of 1.162 Å, Pilatus 200K detector with pixel size of 172 μm× 172 μm and
sample to detector distance of 177.2 mm. Measurements were done in ambient
conditions at room temperature. The exposure time for each individual measure-
ment was 20 s.

Data availability
The authors declare that the main data supporting the findings of this study are available
within the article and its Supplementary Information files. Extra data are available from
the corresponding author upon request.
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Abstract
One of the aspirations of quantum metrology is to deliver primary standards directly to end-users 
thereby significantly shortening the traceability chains and enabling more accurate products. 
Epitaxial graphene grown on silicon carbide (epigraphene) is known to be a viable candidate 
for a primary realisation of a quantum Hall resistance standard, surpassing conventional 
semiconductor two-dimensional electron gases, such as those based on GaAs, in terms of 
performance at higher temperatures and lower magnetic fields. The bottleneck in the realisation 
of a turn-key quantum resistance standard requiring minimum user intervention has so far been 
the need to fine-tune the carrier density in this material to fit the constraints imposed by a simple 
cryo-magnetic system. Previously demonstrated methods, such as via photo-chemistry or corona 
discharge, require application prior to every cool-down as well as specialist knowledge and 
equipment. To this end we perform metrological evaluation of epigraphene with carrier density 
tuned by a recently reported permanent molecular doping technique. Measurements at two 
National Metrology Institutes confirm accurate resistance quantisation below 5 nΩ Ω−1.  
Furthermore, samples show no significant drift in carrier concentration and performance on 
multiple thermal cycles over three years. This development paves the way for dissemination of 
primary resistance standards based on epigraphene.

Keywords: molecular doping, graphene, measurement standards, quantum Hall effect
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1.  Introduction

Epitaxial graphene on silicon carbide (epigraphene) can be 
grown as a high quality monocrystalline film on a wafer-
scale, allowing for scalable production of electronic devices. 
The metrological viability of epigraphene as a quantum Hall 
resistance (QHR) standard was first shown experimentally 
in 2010 [1]. Epigraphene has since proven itself superior to 
the conventional two-dimensional electron gas (2DEG) sys-
tems based on GaAs/AlGaAs (henceforth simply GaAs) due 
to its unique electronic properties, which result in a robust 
quantum Hall effect (QHE) measurable at higher probing 
currents, higher temperatures and lower magnetic fields  
[2, 3]. The quantum Hall effect in epigraphene is so robust that 
the filling factor ν  =  2 plateau has been shown to extend over 
nearly 50 T [4]. Universality of the quantum Hall effect has 
been demonstrated to better than 0.1 nΩ Ω−1 via comparison 
of resistance quantisation in epigraphene and GaAs [3, 5]. 
Finally, an epigraphene QHR standard was successfully oper-
ated at 4 K and 5 T in a small cryogen-free table-top system 
[2]. However, one major problem that remains is exerting 
control over the charge carrier density, which is necessary 
in order to achieve proper quantization and optimal opera-
tion for a chosen range of temperatures and magnetic fields. 
Under the above conditions, the empirically found [2] optimal 
carrier density yielding the maximum breakdown current 
is (1.4  ±  0.2)  ×  1011 cm−2, whereas metrologically useful 
currents  ≳10 µA can be achieved in 10 s µm wide devices 
in the approximate range of densities 0.5–2.5  ×  1011 cm−2. 
Due to the presence of an insulating interface layer (buffer 
layer) between the SiC substrate and graphene, epigraphene 
shows both high n-doping on the order of 1013 electrons per 
cm2 and Fermi level pinning. These two factors in combina-
tion make tuning the carrier density to the useful range a chal-
lenge [6]. Previously tested methods such as photochemical 
gating [7, 8] and corona discharge [9] are suitable but lack the 
reliability and stability required for real-world applications. 
An interesting method of tuning the carrier density in epigra-
phene specifically for resistance metrology was demonstrated 
at NIST [10]. The method involves deposition of chromium 
tri-carbonyl on top of graphene followed by exposure to atmo-
spheric air which relatively quickly reduces the carrier density 
to some usefully low level. However, according to [10] the 
carrier density continues to drift down by as much as 75% 
in one year and by then precision measurements suggest that 
the devices deviate from accurate quantisation by more than 
10 nΩ Ω−1. Ideally we would like to adjust the carrier density 
to the desired level once and for all during the epigraphene 
fabrication, as indeed is the situation for conventional GaAs 
devices.

A possible solution, involving polymer-assisted assembly 
of molecular dopants on the surface of epigraphene, has 
recently been proposed by the Chalmers group [11]. In this 
paper we demonstrate that this approach affords stable and 
controllable tuning of the charge carrier density in epigraphene 
while maintaining all of its major advantages for the realisa-
tion of a quantum resistance standard. We have explored long-
term stability of molecularly doped epigraphene samples and 

compared the resistance quantisation to conventional GaAs 
resistance standards using cryogenic current-comparators 
(CCC) in two National Metrology Institutes (NMIs). We have 
also demonstrated stability upon repeated thermal cycles and 
operation of the standard in a dry table-top cryo-magnetic 
system.

2.  Polymer-assisted molecular doping 
of epigraphene

2.1.  Sample preparation

We have followed the procedure for sample fabrication and 
polymer-assisted assembly of molecular dopants as described 
in [11]. Here we summarise it briefly.

Epitaxial graphene was grown on the silicon face of an 
insulating 4H–SiC substrate using thermal decomposition 
of SiC at 2000 °C and in an 850 mbar argon atmosphere  
[12, 13]. The size of the SiC chips are 7  ×  7 mm2. Prior to 
microfabrication the highest quality of monolayer graphene 
chips, i.e. lowest amount of bilayer inclusions, are selected 
using transmission mode optical microscopy techniques [14]. 
The device fabrication was performed using standard electron 
beam lithography techniques to define electrical contacts and 
Hall bar devices. Excess graphene was removed using oxygen 
plasma etching and the resulting epigraphene Hall bars have 
typical dimensions of 30  ×  150 µm2 and are electrically con-
tacted using 80 nm Au with 5 nm of Ti as an adhesion layer 
(see figure 1(a)).

The intrinsic n-doping of pristine epigraphene is on the 
order of 1013 electrons cm−2. After microfabrication and 
exposure to ambient the carrier density tends to decrease, 
moving slightly towards neutrality [15]. However, the carrier 
density is usually too high to reliably observe fully developed 
quantum Hall effect below applied magnetic fields of 10 T, 
even at 2 K (see figure 2(b)). To achieve the desired carrier 
density, we apply polymer-assisted assembly of molecular 
dopants [11], which proceeds as follows: a 100 nm thick layer 
of the PMMA-F4TCNQ dopant blend is spin-coated onto a 
PMMA-protected sample, with a PMMA encapsulation layer 
on top. This sequence is then repeated to provide additional 
encapsulation and reduce drift of the carrier density (see 
figure 1(b)). The deposition of each polymer layer is followed 
by thermal annealing at 160 °C, above the PMMA glass trans
ition temperature. The resulting carrier density can be fine-
tuned through the total annealing time. For a concentration of 
7% of F4TCNQ in PMMA by weight, and using the standard-
ized annealing time, we have consistently observed a decrease 
in electron density by three orders of magnitude together 
with a tenfold increase of carrier mobility reaching 30 000–
50 000 cm2 V−1 s−1. Several chemically doped epigraphene 
samples were prepared and measured in this study. Samples 
used to explore homogeneity of the doping were prepared 
with a deliberately low carrier density ~1010 cm−2 and these 
measurements are described in section  2.2. For the invest
igation of metrological viability samples were controllably 
tuned to ~1.5  ×  1011 cm−2 in order to maximize the critical 
current in the desired operating regime for table-top systems 
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[2]. Figure 2(c) shows the long-time drift of the carrier den-
sity in two samples: one initially tuned to 5.4  ×  1010 cm−2  
and the other tuned to 1.63  ×  1011 cm−2. The electron den-
sity increased at an average relative rate 0.02% and 0.05% 
per day for the two samples respectively. The estimated life-
time of the two samples, that is the time they are expected 
to yield the breakdown current  ≳10 µA, is over 20 and  
4 years respectively. Since the two samples differed not only 
in the initial carrier density but were also kept in different 
environments, dry nitrogen and vacuum, at room temperature 
between measurements, it is premature to speculate regarding 
the somewhat different, albeit by any measure very low, drift 
rate. The stability can potentially be improved even further by 
hermetic sealing or by storing the sample at low temperatures.

2.2.  Large scale homogeneity

Understanding doping uniformity is important if the described 
fabrication method is to be used for reliable manufacturing of 
epigraphene QHR samples on a wafer scale. Figure 3 shows 
a comparison between molecular doping of microscopic 
and macroscopic Hall bars. Both devices have similar car-
rier densities, which in this case is low p-doping on the order 
p   ≈  1010 cm−2, but drastically different surface areas (simi-
larly n-doped samples show qualitatively similar behaviour). 
At such low carrier concentrations, where Fermi energy level 
is close to the Dirac point in graphene, the influence of the 
charge inhomogeneities on the measured resistance is more 
noticeable. The longitudinal and Hall resistance measure-
ments were performed at 2 K using bias current 100 nA. For 
standard microscopic Hall bars with typical size 30  ×  150 
µm2 we observe fully developed quantum Hall effect below 
1 T, with a carrier density p   =  5.7  ×  109 cm−2 and mobility 
µ  =  52 000 cm2 V−1 s−1. For the macroscopic Hall bar of 
5  ×  5 mm2 we also observe fully developed quantum Hall 
effect below 1 T, with carrier density p   =  9.1  ×  109 cm−2 

and mobility µ  =  39 000 cm2 V−1 s−1. Note that we attribute 
the asymmetries in the low-field data to defects in graphene 
itself, such as bilayer inclusions and SiC steps, which can be 
avoided for smaller geometries [14] but not for macroscopic 
devices [16].

3.  Metrological viability

For precision measurements we produced the following two 
samples: one sample G-RISE was measured at the Research 
Institutes of Sweden (RISE) in a liquid helium cryostat 
with an 11 T superconducting magnet and base temperature 
of 1.9 K, another sample G-NPL was tested at the National 
Physical Laboratory (NPL) in a small table-top mechanical 
refrigerator with the base temperature of 4 K and magnetic 
field 5 T [2]. The samples were manufactured at the same time 
but measured at different times over the span of almost two 
years. This time delay, and the different type of the cryogenic 
system could be considered as an additional test of reliability 
and stability of the molecularly gated graphene Hall devices. 
The electron concentration for G-RISE was initially tuned to 
around 1.3  ×  1011 cm−2, and 1.6  ×  1011 cm−2 for G-NPL. 
The device geometries are identical to that of figure 1(a).

To evaluate the metrological viability of the epigraphene 
devices we have generally followed the technical guidelines 
for reliable DC measurements of the quantised Hall resist
ance initially developed for metal-oxide semiconductor field-
effect transistors (MOSFETs) and GaAs devices [17]. Here 
we will consider the properties of the Hall devices which 
have the strongest effect on the precision of the Hall resist
ance measurements, such as the geometrical homogeneity of 
the 2D layer, the residual longitudinal resistance, the contact 
resistance, critical breakdown current, and finally analysis of 
the Quantum Hall resistance measurements using the CCC 
technique.

Figure 1.  (a) Optical micrograph of a typical epigraphene Hall bar device taken in transmission mode. The overlay shows a schematic 
representation of the standard measurement setup for quantum Hall measurements with bias current direction, the direction of the 
perpendicular magnetic field, and connections for longitudinal voltage VXX and Hall voltage VXY.  (b) Schematic representation of the 
chemical doping scheme consisting of an acceptor molecule encapsulated in organic polymers.
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3.1.  Contact resistances measurements

All contact resistances were measured in the three-terminal 
configuration, in the magnetic field adjusted to the quantum 
Hall plateau (5 T). For illustration, the contact resistance 
for the sample G-NPL against DC current is presented in 
figure 4. Contact number is indicated on the graph. Note that 
pad #5 is not shown due to wire bond failure. All measured 
contact resistances were in the range of 0.1 to 1 Ω up to 
bias currents about 100 µA independent of current polarity, 
well below the recommended 10 Ω [18]. The sharp increase 
in resistance above 100 µA is due to the breakdown of the 
quantum Hall state. The same check was performed for 
sample G-RISE.

3.2.  Critical current measurements

The critical breakdown current is the maximum non-dissipa-
tive current that the sample can sustain in the quantum Hall 
state. The onset of dissipation is seen in the abrupt increase of 
longitudinal resistance. Figure 5(a) shows R23 and R67 mea-
sured on both sides of the sample G-NPL against DC source-
drain current of both polarities at B  =  5 T and T  =  4 K. The 
red points were measured on the ‘low’ potential side of the 
device and the black points—on the ‘high’ side. The apparent 
residual resistance R23  ≈  1 mΩ in the QHE regime disap-
peared when contact 1 instead of contact 0 was grounded [18]. 
It follows that the breakdown happens at ISD  ≈  60 µA with 
the accuracy of these measurements (at 10 nV level) for this 

Figure 2.  (a) Schematic sample layout and contact notations (b) measurements of Hall resistance RXY performed at T  =  2 K with 100 nA 
bias, showing the different minimum magnetic field needed to reach the ν  =  2 plateau. The sample with the highest n-doping (black curve) 
corresponds to pristine epigraphene encapsulated by hexagonal boron nitride. The medium doped sample (blue curve), covered by polymer, 
shows the effect of partial compensation doping resulting mainly from polymer contaminants. The residual n-doping is typically above 
1012 cm−2. The sample with the lowest doping (red curve) was produced using chemical doping with an acceptor molecule. It has been 
controllably tuned to n  =  2  ×  1011 cm−2. (c) Long term stability of carrier density measured in two samples described in the text. The green 
area indicates the limits of the carrier density set by the metrologically useful currents  ≳10 µA. The solid black lines are linear fits to the 
drift in carrier density. (d) The same data as (c) but plotted on the relative scale to highlight the linear drift.
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particular sample. Figure 5(b) shows the critical currents for 
both measured samples, extracted as stated above, as a func-
tion of magnetic field. The difference in the critical currents 
is attributed to discrepancies between the two samples such 
carrier densities, charge homogeneity etc.

4.  Precision measurements

The measurements described in the previous section (meeting 
the recommended guidelines for reliable QHR measurements) 
are in principle sufficient to demonstrate that the sample is fit 
for metrological use as a calibration reference. However, as 
the molecular gating represents a new fabrication technology, 

it is valuable to demonstrate the equivalence with an indepen-
dent QHR realization in a proven GaAs sample. One possible 
cause of error that is not easily detected by the standard tests 
is a resistive leakage error in parallel with the quantized resist
ance, which might arise due to the surface dopant layer in 
our epigraphene device. A ratio comparison of the ν  =  2 and 
ν  =  4 plateaux in a GaAs sample can reveal this error, but this 
is not possible in a graphene device. In order to eliminate this 
or other possible undetected errors in the epigraphene sample 
we carried out a precision comparison to the GaAs reference 
using a cryogenic current comparator (CCC) based bridge.

The CCC bridges used for this comparison have been 
evaluated for absolute accurate measurements of the ratio 
100 Ω:12.906 kΩ to a relative uncertainty of at least 10 nΩ 
Ω−1 [19]. The CCC device with its superconducting wind-
ings and shielding plus SQUID magnetic null detector pro-
vides the accurate dc current ratio required to achieve this. In 
this test, however, we are using the same instrument twice in 
almost identical conditions to make a substitution comparison 
between two QHR devices. Most of the uncertainty contrib
utions and possible errors in the resistance measurement (for 
example ratio errors, imperfect detector linearity) cancel in 
this configuration, and the uncertainty budget for the compar-
ison result is dramatically simplified. Ideally the type A (sta-
tistical) uncertainty of the measurements will be the limiting 
remaining component. The CCC bridge circuit is immune to 
most leakage paths (particularly leakage to screen) due to the 
use of an ‘active Wagner’ technique [19], but leakage directly 
across the QHR device is impossible to separate from the 
resistance being measured.

Similar measurements were carried out at both NPL and 
RISE and below we describe them in detail. Each NMI delib-
erately followed their own measurement protocol to maintain 
independent comparison.

Figure 3.  Chemical doping of epigraphene with low p-doping for both microscopic and macroscopic Hall bar geometries (a) quantum 
Hall measurements performed on 30 µm wide Hall bar, as seen in figure 1(a), displays fully quantized plateaus below 1 T. (b) Optical 
micrograph of a macroscopic Hall bar 5  ×  5 mm2. The red dotted square outlines the epigraphene region. Even at this scale the device is 
seemingly uniformly covered by the chemical dopant, as verified by (c) which shows quantization below 1 T. Adapted from [11]. CC BY 
4.0.

Figure 4.  The contact resistance for sample G-NPL against DC 
current measured in three-probe configuration (3P). Numbers on the 
graph indicate the contact number, see figure 2(a).
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4.1.  CCC measurements on G-NPL

The comparison measurements at NPL use two separate cryo-
magnetic systems for epigraphene and GaAs. This allowed 
us to perform resistor calibration against one QHE device 
quickly followed by calibration against the other, and the first 
one again. The temperature and short term stability of the 100 
Ω standard is then easily included in the type A evaluation via 
the ‘A-B-A’ measurement pattern and linear fit. As the QHR 
devices are in separate cryogenic systems, one effect that is 
independent and does not cancel is any leakage in the cryo-
genic wiring that appears in parallel with the QHR sample. 
The leakage in the GaAs system probe has previously been 
evaluated to contribute 10 pΩ Ω−1 relative uncertainty on a 
QHR measurement (i.e. to be  ⩾1015 Ω) [5]. The wiring in the 
table-top graphene system has been tested to  ⩾1014 Ω (0.1 nΩ 
Ω−1 relative uncertainty contribution).

The GaAs device used in the measurements at NPL 
was originally supplied by the Physikalisch-Technische 
Bundesanstalt (PTB), and has been in use for routine resist
ance traceability at NPL for over 20 years (and was one of 
the GaAs devices used in a previous comparison [5]). It has 
a carrier concentration of 4.6  ×  10−11 cm−2 and mobility 
400 000 cm2 V−1 s−1, and was operated on the ν  =  2 plateau 
at a temperature of  <0.3 K and a magnetic field of 9.4 T in a 
conventional liquid helium cryostat. The comparison between 
this and the epigraphene device was performed via an inter-
mediate 100 Ω conventional resistance standard, measured 
using the CCC bridge described in [19] with a 16:2065 turns 
ratio on the CCC. The current in the QHR device was 23 µA, 
giving nominally 3 mA or 1 mW power dissipation in the 100 
Ω standard, which matches the regular calibration conditions. 
The epigraphene device was operated at 4.9 T and 4 K in the 
‘desktop’ liquid free system described above.

Measurements were performed on several different 100 Ω 
standards, some of which were found to have short term insta-
bilities that limited the overall uncertainty of the comparison. 
We give the results here of one comparison over 3 d (approxi-
mately 70 h of measurements) where the resistor showed a 
small linear drift. The resistor used was a Tinsley type wire 
wound Evanohm standard enclosed in a custom built ther-
mostated enclosure with temperature stability of a few mK 
over the measurement period. The measurement sequence 
was graphene-GaAs-graphene in order to be able to cancel 
the effect of linear change of the 100 Ω standard. Figure 6(a) 
shows the results, plotted as the measured relative deviation 
of the unknown resistor from its nominal 100 Ω value, in µΩ 
Ω−1. The CCC measurements consist of repeated forward and 
reverse current energization, with the bridge null detector 
reading analysed in forward-reverse-forward groups to elimi-
nate offsets and drifts in the electronics. Each individual point 
on figure 6(a) is the result of this fitting for approximately 54 s 
of data, which is the shortest section that can be analysed in 
this way to give a calculated resistance value. To calculate the 
mean difference between the graphene and GaAs measure-
ments we take a linear fit to the graphene data (two groups of 
blue points) and compare the value of this fit at the mean time 
of the GaAs data to the mean value of the GaAs data.

As the type A uncertainty contribution is effectively the 
total uncertainty for the comparison results, we need to take 
care that the usual expression for the standard uncertainty of 
the mean is a reliable estimate. Figure 6(b) presents the Allan 
deviation of the residuals to the linear fit for the three groups 
of data in figure 6(a). The Allan deviation in each case reduces 
as the square root of the measurement time (as expected for 
white noise with no time correlation) to below 1 nΩ Ω−1 (rela-
tive). This confirms the current reversal in the CCC measure-
ments is successfully eliminating offset drifts and instabilities, 

Figure 5.  (a) Longitudinal resistance RXX measured from the both sides of the sample using connections R23 and R67 for G-NPL plotted 
against DC source-drain current. (b) Critical current measured for sample G-NPL and G-RISE as a function of magnetic field.
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and that the linear drift model for the resistor is adequate. 
Although the reduction in uncertainty with increasing aver-
aging time is as we would wish, the absolute level is larger than 
optimal. The ideal case measurement for our CCC bridge in 
this configuration should approach the Johnson noise limit for 
the resistors; for a cold QHR resistor and a room temperature 
100 Ω this theoretical limit is around 2 nV (√Hz)−1 voltage 
noise, which translates to a relative uncertainty of 1 nΩ Ω−1 
for a 100 s measurement at 1 mW measurement power. We 
observe a noise level approximately ten times worse than this, 
which is at least partly due to excess electromagnetic inter-
ference present in our laboratory. Despite this limitation, the 
extended measurement time with the automated bridge run-
ning continuously over 3 d does allow us to reach  <1 nΩ Ω−1 
final uncertainty, which is adequate to demonstrate the QHR 
device accuracy for all requirements in resistance traceability.

The final expanded uncertainty contains the root-sum-
square of type A standard error of the mean for GaAs (𝜎/√  N 
here 𝜎 is standard deviation and N is number of samples), 
along with the uncertainty from the linear fit to G-NPL data. 
In summary, the difference in deviation from nominal of the 
100 Ω resistor, Δ, as measured against the different QHR ref-
erences is

∆Gr–GaAs = 1.02 ± 1.42 nΩΩ−1(k = 2).

Epigraphene is shown to be in good agreement with standard 
GaAs.

4.2.  CCC measurements on sample G-RISE

RISE performed calibrations of a 100 Ω standard resistor 
against QHE devices, epigraphene and GaAs, sequentially in 
the same cryo-magnetic system. As mentioned, the advantage 

of this approach is that any leakage in the wiring of this mea-
surement system will be cancelled out in the substitution mea-
surement. The disadvantage is that swapping QHE devices over 
and repeating the measurements takes considerable time over 
which the comparison resistor may drift. The 100 Ω standard 

Figure 6.  (a) Relative deviation of the 100 Ω standard resistor from its nominal 100 Ω value demonstrating linear drift. The linear fit to 
G-NPL data is shown by the solid black curve. The green square marks the mean value of GaAs at mean measurement time (b) Allan 
deviation of the residuals to the linear fit to data in (a). G-NPL 1st and 2nd denote the measurement using G-NPL before and after GaAs. 
The solid black line shows that the Allan deviation decreases with time τ as ~1/√τ.

Figure 7.  Comparison between sample G-RISE and a GaAs QHR 
device via a standard resistor with the nominal value of 100 Ω 
over the span of one year. The y -axis denotes the relative deviation 
from the nominal value of the 100 Ω resistor measured with the 
epigraphene and GaAs devices. The x-axis denotes the time in 
days from initial characterization. Each point is a 12 min long CCC 
measurement. The solid black line is a linear fit to the GaAs data 
taken from Day 350 and onwards. The green dots show the mean 
value at mean time for the last two GaAs and G-RISE measurement 
blocks. The bars represent the standard error of the means.
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resistor is a Tinsley AC/DC type 5685A which is stored in an 
oil bath kept at 25 °C, with a temperature stability of ~1 mK. 
Its short-term instability can be accounted for by introducing 
a significant type B uncertainty of 3 nΩ Ω−1, or compensated 
for using ‘A-B-A’ type measurement as described above. The 
GaAs device used in these measurements at RISE also comes 
from PTB and has been in use for routine resistance trace-
ability at RISE since 1999. The device has a carrier concentra-
tion of 5.2  ×  1011 cm−2, mobility 430 000 cm2 V−1 s−1. It was 
operated on the ν  =  2 plateau at a temperature of 1.6–1.9 K 
and a magnetic field range between 9.65–9.95 T in a conven-
tional liquid helium cryostat. The comparison was performed 
using a CCC bridge with a 32:4130 turns ratio on the CCC.

Figure 7 shows the two measurement campaigns of com-
parisons between sample G-RISE and GaAs performed over 
the span of one year. Each point takes 12 min to measure, 
which is the standard time for the CCC to finish one full, cur
rent reversed, measurement with the present setup.

From the initial set of measurements, up to Day 2, we can 
calculate that the difference between the mean relative devia-
tions resulting from the G-RISE-100 Ω and GaAs-100 Ω 
CCC measurements as ΔGr–GaAs  =  7.2  ±  7.4 nΩ Ω−1 (k  =  2), 
including the root-sum-square of the type A standard error of 
the two means and an estimated type B error from instability 
of the 100 Ω standard. Figure 8(a) shows an extended meas-
urement series where we continuously monitor the CCC meas-
urement of G-RISE and 100 Ω standard over 20 h, with each 
point representing 12 min of measurement time. Figure 8(b) 
shows the Allan deviation which demonstrates how the preci-
sion improves over measurement time. The black dotted line 
shows that the Allan deviation predominately decreases with 
time ~1/√τ which indicates that uncorrelated white noise is 
the main source [20]. After six hours of continuous meas-
urements we can reach  <1 nΩ Ω−1 final uncertainty, which 

is a suitable level of device accuracy for all requirements in 
resistance traceability. This measurement shows agreement 
between G-RISE and GaAs within the expanded measurement 
error but can be improved by performing ‘A-B-A’ sequence to 
account for the short time linear drift component of the insta-
bility of the 100 Ω standard.

From day 350 and onwards an ‘A-B-A-B’ measurement 
was carried out. Since there is only one cryostat available, sam-
ples have to be exchanged in sequence, which takes a consid-
erable time. However, the drift of the 100 Ω reference resistor 
appears to be linear inside these 10 d. Since the data blocks 
are more spread out in time compared to NPL the analysis is 
slightly different. A linear fit is performed on both blocks of 
GaAs data to estimate the drift in the resistor. We only look 
at the last two GaAs and G-RISE measurement blocks for 
two reasons. Firstly, they are closest in time and therefore, by 
comparing these two, the contribution of the uncertainty of the 
estimated linear drift is reduced. Secondly, they contain more 
than 71% of the measurement points which reduces the uncer-
tainty of the mean value for these two points, compared to the 
others. We calculate the difference between the mean of GaAs 
points and mean of G-RISE points, with the linear drift of 
the 100 Ω standard subtracted. The final expanded uncertainty 
then contains the root-sum-square of type A standard error of 
the mean for both GaAs and G-RISE, along with the uncer-
tainty of the estimated slope of the GaAs data acquired from 
fitting. In summary, the difference in deviation from nominal 
of the 100 Ω resistor, Δ, as measured against the different 
QHR references is

∆Gr–GaAs = 0.19 ± 4.81 nΩΩ−1(k = 2).

Epigraphene is again shown to be in good agreement with 
GaAs standard. It is also shown to retain its performance in 
CCC measurements for at least one year.

Figure 8.  Extended CCC measurement of G-RISE compared to 100 Ω standard at 4.2 K, 8 T, and 23 µA bias. (a) Measured deviation from 
nominal value as a function of time, up to 20 h continuous measurements. Each data point corresponds to 12 min of measurement time. (b) 
Allan deviation calculated from the data in (a). The solid black line shows that the Allan deviation decreases with time ~1/√τ.

Metrologia 56 (2019) 045004



H He et al

9

5.  Conclusions

The new molecular doping scheme enables uniform preci-
sion control of the carrier density in epitaxial graphene on 
SiC, which remains stable over at least several years despite 
numerous thermal cycles. Independent measurements in two 
NMIs confirmed that the molecularly gated epigraphene 
devices are suitable for realization of the SI resistance unit at 
the level of uncertainty required in any metrology laboratory.
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Epitaxial graphene on silicon carbide, or epigraphene, provides an excellent platform for Hall sensing devices in terms 

of both high electrical quality and scalability. However, the challenge in controlling its carrier density has thus far 

prevented systematic studies of epigraphene Hall sensor performance.  In this work we investigate epigraphene Hall 

sensors where epigraphene is doped across the Dirac point using molecular doping. Depending on the carrier density, 

molecular-doped epigraphene Hall sensors reach room temperature sensitivities SV=0.23 V/VT, SI=1440 V/AT and 

magnetic field detection limits down to BMIN=27 nT/√Hz at 20 kHz. Thermally stabilized devices demonstrate 

operation up to 150 ˚C with SV=0.12 V/VT, SI=300 V/AT and BMIN~100 nT/√Hz at 20 kHz. 

Based on the classical Hall Effect, solid-state Hall sensors represent a large portion of 
magnetometers which are extensively used in automotive, marine and consumer electronics 
applications. Hall sensors based on silicon see widespread use owing to well-established and low-
cost production methods,1–3 but increasing requirements placed on improved magnetic 
performance or resilience to harsh conditions like high temperatures, demand the exploration of 
other, even more suitable materials.4  

Hall sensors detect magnetic fields by measuring the Hall voltage VH induced by an external field 
B. High device sensitivity implies a large magnitude of VH response to an external field, for a 
given bias current IB or voltage VB. This leads to two important material-related metrics: the 
current-related sensitivity SI=|VH/(BIB)| (V/(AT)), which is essentially determined by the Hall 
coefficient RH (/T), and the voltage-related sensitivity SV=|VH/(BVB)| (V/(VT)) which is 
ultimately limited by the carrier mobility 𝜇 (m2/(Vs)), where XX is sheet resistance.  

Graphene appears to be a natural candidate for highly sensitive Hall elements due to its high 
mobility, and the possibility to tune carrier density n down to zero towards charge neutrality (Dirac 
point). Low carrier density is desirable because it increases the Hall coefficient, 𝑅𝐻 = 1/(𝑛𝑒).5,6 
Moreover, since the mobility 𝜇 = 𝑅𝐻/𝜌𝑋𝑋 of graphene is inversely proportional to carrier density 
as 𝜇 ∝ 1/√𝑛,7 decreasing n towards neutrality would increase both SI and SV. In principle, low n 
leads to an increase in XXwhich follows the relation 𝜌𝑋𝑋 ∝ 1/𝑛, in the limit where charged 
impurity scattering dominates (Supplementary S1).8,9 Yet, decreasing n can actually lead to a lower 
magnetic field detection limit, BMIN = 𝑉𝑁 (IBR

H
)⁄  (T/√Hz), where VN is the voltage noise spectral 

density (V/√Hz). If Johnson-Nyquist noise dominates, then 𝑉𝑁 = 𝑉𝑇𝐻 ∝ √4𝑘𝐵𝑇𝜌𝑋𝑋, with 
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Boltzmann constant kB, temperature T, and the detection limit scales as BMIN ∝ 𝑉𝑁 RH⁄ ∝  √𝑛 for 
a fixed IB. Disorder in real graphene samples prevents it from reaching true charge neutrality, but 
high-quality graphene can approach low carrier densities.10 

The highest quality graphene is obtained by mechanical exfoliation of graphite and encapsulation 
in hexagonal boron nitride (hBN-G). As Hall sensor, hBN-G has shown ultra-high device 
sensitivities, and detection limits comparable to that of silicon.11 However, this approach serves 
only as a proof of principle of the capabilities of graphene Hall sensors since device fabrication 
cannot be scaled-up. Graphene grown using chemical vapor deposition (CVD) is a more scalable 
technology which also can reach high sensitivities, but reported performance varies greatly,12–14 
perhaps due to variability in material growth and the need for subsequent transfer to suitable 
substrates.15 

Epitaxial graphene on SiC substrate (epigraphene) is another attractive scalable technology. The 
insulating substrate allows for direct mass-fabrication of devices over wafer-scales,16,17 forgoing 
the need for graphene-transfer thus increasing reproducibility and yield. Epigraphene is also 
compatible with operation at temperatures exceeding common industrial requirements.18,19 Despite 
these advantages, epigraphene remains relatively unexplored for Hall sensing in literature,18 
possibly owing to the difficulties in tuning carrier density due to high intrinsic n-doping, pinned 
by the substrate.20–22  

We report the exploration of the performance limits of epigraphene Hall sensors for varying doping 
levels across the Dirac point. Carrier density control is enabled by a molecular doping method 
using electron acceptors F4TCNQ assembled on the surface of epigraphene.23 Devices doped using 
this method have already shown excellent electrical properties and low charge-disorder, albeit at 
low temperatures.24,25 We investigate Hall sensor figures of merit BMIN, SV, and SI, and finally 
thermal stability in ambient conditions from room temperature and just above 200 ̊ C. Furthermore, 
we establish the limits for optimal operation of epigraphene Hall devices under realistic operational 
conditions.  

Epigraphene was grown on 4H-SiC chips encased in a graphite crucible and heated using RF 
heating to around 1850 ˚C in an inert atmosphere of 1 bar argon.16 Transmission mode microscopy 
was used to select only samples with over 90 % monolayer coverage.26 Device fabrication used 
standard electron beam lithography. Epigraphene is removed using oxygen plasma etching and the 
metal contacts are deposited using physical vapor deposition of 5 nm Ti and 80 nm Au. The 
finished device is spin-coated with molecular dopants and the final carrier density is tuned by 
annealing at T=160 ˚C, with varying annealing time depending on the desired final doping level.23 
Electrical characterization was performed primarily using the Van der Pauw (VdP) method, with 
samples measured at room temperature and under ambient conditions unless otherwise stated. A 
magnetic field perpendicular to the chip surface was applied using a coil electromagnet up to 100 
mT). Noise measurements where performed by taking the power spectral density (PSD) using a 
voltage amplifier DLPVA-100-F-D from Femto, with bandwidth limited to 100 kHz and measured 
input noise level of 9 nV/√Hz. High-field measurements were performed in PPMS (Quantum 
design) cryostat (2-300 K) with a superconducting magnet providing fields up to 14 T. For heating 
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experiments, the sample was mounted using epoxy on a ceramic heater, and temperature was 
monitored using a Pt100-resistor. 

Seven epigraphene Hall sensors (Fig. 1(a)), spread across four chips, were investigated in total. 
They were designed using symmetric square or cross shaped geometries optimized with respect to 
SV.27,28 Cryogenic measurements on a molecular-doped sensor demonstrates a full transition to 
half-integer Quantum Hall regime, with vanishing sheet resistance XX and quantized Hall 
resistance 𝑅𝑋𝑌 = ℎ/2𝑒2 (Fig. 1(b)). These measurements verify that the devices are made of high-
quality monolayer graphene with uniform doping.  

 

FIG. 1. (a) Optical micrographs of the layout epigraphene Hall sensors. Each chip contains an 
array of sensors with square and cross shaped geometries. (b) Molecular-doped Hall sensor 
displays the half-integer quantum Hall effect at cryogenic temperatures. RXY used e.g. contacts 1-
3 for bias current and 2-4 to measure Hall voltage. XX used e.g. 1-2 for bias and 4-3 for voltage 
measurement. 

Hall measurements of the transversal resistance 𝑅𝑋𝑌 = 𝑉𝐻/𝐼𝐵  serve as basis for the evaluation of 
epigraphene Hall magnetometers. Hall coefficient, carrier densities, and mobilities are calculated 
from measurements in low magnetic fields (B<0.5 T) as 𝑅𝐻 = 𝑑𝑅𝑋𝑌/𝑑𝐵, 𝑛 = 1/(𝑒𝑅𝐻), and 𝜇=

𝑅𝐻/𝜌𝑋𝑋, respectively. For the low-field range, the linearity error of RXY is below 1 %, which is 
determined by the percentage deviation of the raw data from the low-field linear fit (Fig. 2(a)). 
The samples were tested up to B=13 T at room temperature. For low doping (RH=1284 /T, 
n=4.9x1011 cm-2) the transversal resistance remains within 5% error in a range of B=±1.2 T, but 
for higher doping (RH=949 /T, n=6.6x1011 cm-2) the 5% error range increases to B=±6 T. Figure 
2(b) shows a summary of the carrier densities achieved in our experiments. The gap in data near 
charge neutrality (n=0) indicates the disordered charge-puddle regime, characterized by a 
nonlinear low-field RXY.23 At room temperature the maximum measured values of RH and  are 
RH=1440 /T and 2300 cm2/(Vs), respectively. In terms of charge disorder, at room 
temperature, epigraphene is in puddle regime for doping levels |n|<5x1011 cm-2 thus setting the 
maximum RH attainable in our epigraphene samples. 

Fig. 2(c) shows the linearity of VH at 100 mT up to 6 mA bias current, measured for highly 
(n=1.6x1012 cm-2) and lowly (n=4.5x1012 cm-2) doped devices. We find that for all carrier densities 
the current-voltage (I-V) characteristic is linear within 5% error for IB< 2.5 mA. The non-linearity 
is expected to be due to self-heating. For all subsequent measurements we limit the bias current to 
below 1.5mA to ensure a linear I-V behavior within 2% error.  
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FIG. 2. (a) Hall measurements showing linearity of RXY vs applied magnetic field. Inset shows 
behavior up to 13 T for different doping. The dotted lines are linear fits to low-field data |B|<0.5 
T. (b) Carrier densities n and mobilities are extracted from low-field Hall measurements. (c) 
Linearity of Hall voltage measured at fixed field of 100 mT vs applied bias current. The dotted 
lines are linear fits to low-bias data |IB|<0.5 mA. The offset in VH  at zero field can be 
compensated by orthogonal VdP measurements and spinning current. 29 Typically observed 
offsets are on the order of 1 mV for a bias current IB=10 A (Supplementary S2).  

The measurements in magnetic fields are complemented with noise measurements to unveil the 
minimum detection limit BMIN.  Fig. 3(a) shows the low-bias (IB=10 A) voltage noise spectral 
density VN measured at the Hall voltage terminals for different doping levels. In the low bias 
regime, the corner frequency of 1/f noise is around ~30 Hz. As epigraphene approaches the Dirac 
point, the sheet resistance of the devices increases as 𝜌𝑋𝑋 ∝ 1/𝑛 and consequently the larger 
input and output resistance of the devices increases thermal noise. Dotted lines in Fig. 3 are the 
thermal voltage noise VTH calculated using measured input resistance. The agreement with 
experimental noise data points to the fact that, at low bias, thermal noise dominates in our 
sensors. Fig. 3(b) shows the increase of the 1/f noise contribution at larger bias currents, which 
nearly follows the Hooge’s empirical relation with Hooge parameter 𝛼𝐻 ≈ 0.015 (Fig 3(b) 
inset),30 implying that the excess noise is mostly due to resistance fluctuations. In practical 
devices, the excess noise can be alleviated by using spinning Hall current measurement 
techniques.29 
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FIG. 3. (a) Noise performance for one Hall sensor measured at different doping levels. The 
dotted lines are calculated noise levels assuming pure thermal noise of a resistor. (b) Measured 
voltage noise spectral density vs bias current in another lowly doped device. Inset: The noise 
amplitude vs bias current at two different frequencies.  

The measured sensitivities for epigraphene Hall sensors and their dependence on doping, collected 
across all measured devices, are summarized in Fig. 4(a). The highest SI is reached for low doping 
levels, close to the puddle regime (n~5x1011 cm-2). The highest SV occurs slightly outside the 
puddle regime, at doping levels n~6x1011 cm-2. We have performed full noise spectrum 
characterization (e.g. Fig. 3b) for four doping levels to obtain BMIN = 𝑉𝑁 (IBR

H
)⁄ , which includes 

not only intrinsic noise of epigraphene (thermal and 1/f noise) but also amplifier noise. Fig. 4(b) 
shows  as a function of IB, measured at a frequency of 3 kHz for fair comparison to other 
graphene devices reported in literature. The best BMIN=47 nT/√Hz is attained at lowest doping 
n~5x1011 cm-2, for IB=400 A. At higher frequencies, where the 1/f noise contribution is lower, 
BMIN can be naturally lower with BMIN=27 nT/√Hz, for n~5x1011 at 20 kHz (inset Fig. 4(b)). 

 

FIG. 4. (a) SI (orange region) and SV (purple region) versus RH compiled from 7 Hall sensors 
across 4 chips (Sq=square shaped, Cr=cross shaped). The sequence of data points span high to 
low doping (starting from the leftmost point).(b) BMIN versus bias current calculated directly 
from measured noise data for 3 kHz. Inset also shows data for 20 kHz. (c) Investigation of 
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thermal stability of RH by measuring RH at elevated sample temperatures, for different initial 
room temperature doping. The error bars represent 2 standard deviations for measured RH 
averaged over 10-15 min of measurements. The solid lines are linear fits taken at the lower 
temperatures before permanent doping change is induced.  

Finally, we describe the thermal stability of the molecular-doped Hall sensor through the 
temperature coefficient ΔT, defined as the percentage change of RH from its room temperature value 
per degree Celsius. Fig. 4(c) shows that samples doped close to neutrality (RH=1400 T) are 
stable up to T=80 ˚C (Supplementary S3), with a temperature coefficient ΔT=-0.6%/˚C. We 
achieve highest thermal stability with samples annealed for ~4 hours at T=160 ˚C, after which the 
RH reached a stable value of RH~300 T due to partial desorption of dopants.23 After this curing 
step at 160 ˚C, samples showed a fairly low ΔT=-0.03%/˚C up to T=150 ˚C, while still displaying 

respectable performance at this temperature, with SV~0.12 V/(VT), SI~300 V/(AT), and BMIN~100 
nT/√Hz. 

Type 
SI  

(V/(AT)) 
SV  

(V/(VT)) 
BMIN  

(nT/√Hz) 
Freq  

(kHz) 
InSb29,31–33 140-700 1-7.2  1-60 0-50 
GaAs29,31–33 30-3200 0.6-1 10-6000 0-50 

hBN-G11 4100 2.6 50 3 
CVD14 2093 0.35 100 3 
CVD12 1200 N/A 300000 3 
CVD13 97 0.03 400000 1 
Epi34 1021 0.3 2000 3 

Epi (this) 1080 0.23 60, 40 3, 20 
Epi (this) 1442 0.21 47, 27 3, 20 

 

Table I. Figures of merit for room temperature Hall sensor performance, compared between 
both graphene-based Hall sensors and III-V commercially available sensors. 

 
Table 1 shows a comparison of our devices with other Hall sensors reported in literature. The 
maximum current-related sensitivity in doped epigraphene is found to be on the order of SI~1.500 
V/(AT) at room temperature. This value is limited by minimum n attained in our sample 
(|n|<5x1011 cm-2), and is set by the disorder present in the as-grown material, combined with 
additional contributions from external doping and thermally excited carriers in the dopant layer 
and the SiC substrate. Decoupling epigraphene and substrate by hydrogen intercalation has led to 
high  at cryogenic temperatures.  However, at room temperature, the lowest n reported for H-
intercalated epigraphene are all above 1x1012 cm-2, with 1300-1700 cm2/(Vs).35 These 
mobilities are lower than the highest reported for epigraphene at room temperature (=5500 
cm2/(Vs))22,36 and the ones achieved in this work (= 2300 cm2/(Vs)). Above room temperature, 
interactions between epigraphene and the substrate via longitudinal-acoustic and remote interfacial 
phonon scattering further degrades mobility. The stable temperature range (T< 80 ˚C) for samples 
doped close to Dirac point is determined by our current choice of doping method.23 A high thermal 
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stability up to T=150°C is achieved after curing the samples at a temperature of 160°C for 4 hours. 
The resulting temperature coefficient ΔT=0.03%/˚C could then be understood as the intrinsic 
thermal drift of epigraphene, and not due to desorption of dopants. This implies that by using an 
alternate thermally-stable doping scheme, epigraphene could well outperform Hall elements based 
III-V at high temperatures. 29,31–33 Our work paves the way for development of epigraphene Hall 
sensors for real-world applications which require durable, controllable and sensitive devices 
produced in a scalable way. 
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Fig. S1. Left: Relationship between Hall coefficient RH and sheet resistance XX. Sheet resistance 
is the highest in the puddle regime, while RH is the highest just outside the puddle regime. Right: 
RHandXX vs carrier density n. XX scales with carrier density n in the same way as RH~1/n. 
Note that several RH-values in the left plot have been omitted from the carrier density x-axis in 
right plot because the carrier density n=1/(eRH) is not well-defined in the puddle regime. 

 

 

Fig. S2. Left: Uncompensated offset in Hall voltages at zero magnetic field measured for 7 
different devices. In general, the offset voltages are on the order 1 mV, and tends to increase as 
samples are doped towards neutrality (puddle regime). Note that we estimate that the residual 
magnetization of the coil magnet is on the order of ~mT, further skewing the data to high offset 
values. In this limited dataset there is no observed correlation between device geometry and 
offset. The lowest offset voltage is achieved for cross geometry and high doping levels. Offset 
compensation can be achieved using orthogonal coupling of two or more Hall elements, in 
combination with Van der Pauw averaging, and can reduce the final offset to below 1 V. Note 
that this requires very homogenously doped devices, which we do achieve when using molecular 
dopant F4TCNQ mixed with PMMA. 

 

 



 

 

Fig. S3. (a) Example of investigation of thermal stability of a Hall sensor using in-situ heating 
sweeps. The red curve shows the Hall coefficient versus time and the blue curve shows the 
temperature set-point versus time. Sample behavior is monitored in real-time during heating and 
cooling. Fast sweeps (< 1 min) of magnetic field (±10 mT) are used to deduce RH. The blue curve 
shows the temperature set-point versus time. (b) We study the thermal stability of the molecular-
doped Hall sensor by measuring the room temperature performance of devices after repeated 
annealing. Initially, the devices is doped close to the Dirac point (n<5x1011 cm-2) and is kept at 
elevated temperatures for 15 min, and left to cool down back to room temperature. Performance 
is assessed in real-time like in (a). This heating process is repeated, moving to successively 
higher temperatures. Only when the sample is annealed to above 80 ˚C, close to glass transition 
temperature of the polymer using for doping, does significant permanent change of room 
temperature n occur. There is a permanent increase in n-doping leading to a decrease in RH. 
Subsequent heating above 80 ˚C induces further permanent change in doping toward even higher 
n-doping.  
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Spectacular advances in heterodyne astronomy1,2 have been 
largely due to breakthroughs in detector technology3. To 
exploit the full capacity of future terahertz (∼300 GHz–5 THz) 
telescope space missions4, new concepts of terahertz coher-
ent receivers are needed, providing larger bandwidths and 
imaging capabilities with multipixel focal plane heterodyne 
arrays5. Here we show that graphene uniformly doped to the 
Dirac point, with material resistance dominated by quantum 
localization and thermal relaxation governed by electron dif-
fusion, enables highly sensitive and wideband coherent detec-
tion of signals from 90 to 700 GHz and, prospectively, across 
the entire terahertz range. We measure on proof-of-concept 
graphene bolometric mixers an electron diffusion-limited 
gain bandwidth of 8 GHz (corresponding to a Doppler shift 
of 480 km s−1 at 5 THz) and intrinsic mixer noise temperature 
of 475 K (which would be equivalent to ~2 hf/kB at f = 5 THz, 
where h is Planck’s constant, f is the frequency and kB is the 
Boltzmann constant), limited by the residual thermal back-
ground in our setup. An optimized device will result in a mixer 
noise temperature as low as 36 K, with the gain bandwidth 
exceeding 20 GHz, and a local oscillator power of <100 pW. 
In conjunction with the emerging quantum-limited amplifiers 
at the intermediate frequency6,7, our approach promises quan-
tum-limited sensing in the terahertz domain, potentially sur-
passing superconducting technologies, particularly for large 
heterodyne arrays.

Observations in the terahertz (THz; or submillimetre wave-
length) frequency range are of great importance for understanding 
physics and chemistry in the star- and planet-forming regions8,9. 
With the dawn of space and airborne submillimetre-wavelength 
telescopes, rotational transitions of atomic and molecular tracers in 
the THz range, blocked for ground-based telescopes by atmospheric 
attenuation, can now be accessed in full. Moreover, the high spec-
tral resolution provided by coherent (that is heterodyne) receivers  
(>λ/Δλ = 107, where λ is wavelength), allows for measurements 
of fine spectral line structure and Doppler shifts, hence obtaining 
valuable information about kinematics in the observed regions.

To recover information carried by faint celestial signals, THz 
frequency mixers—the core of coherent detection—have to fulfil 
stringent requirements on both sensitivity and, not less importantly, 
on a broad intermediate frequency (IF) bandwidth. The latter is 
required to enable line surveys and to accommodate the broad lines 
coming from our Galactic Centre and other extragalactic sources. 
For instance, a Doppler width of 300 km s−1 corresponds to 5 GHz 
for the O i line (4.7 THz). For frequencies <1 THz and restricted by 

the superconducting energy gap, superconductor–insulator–super-
conductor mixers have been the workhorse of THz heterodyne 
astronomy, reaching the fundamental detection limit and broad 
detection bandwidth. For the supra-THz range, superconducting 
hot-electron bolometers (HEB) form the baseline for modern astro-
nomical receivers, offering sensitivities in the range of 10 hf/kB at a 
bandwidth of few GHz. In these mixers, the wave beating between 
the incoming THz signal and detuned local oscillator (LO) causes 
temperature oscillations at the IF, enabling readout through changes 
in electrical resistance R (resistive readout) as long as the tempera-
ture in the material can follow the signal modulation. The upper 
limit for the IF frequency is determined by either the electron–pho-
non relaxation time τe–ph (phonon cooling) or the out-diffusion time 
τD = L2/(π2D) of hot electrons from the superconductor into the 
cold electrical contacts (diffusion cooling), with L the length of the 
device and D the diffusion constant10–12. Despite great efforts, NbN 
superconducting HEB mixers are limited in terms of instantaneous 
bandwidth to ~4–5 GHz (refs. 3,13). Higher bandwidths are possible 
in new superconductors14, but at the expense of forbiddingly high 
LO power requirements, which is particularly detrimental for array 
applications. New materials and concepts are needed to go beyond 
few-pixel THz detectors, available today, to the large-format detec-
tor arrays required to enable further cosmic quests4,5,8.

Here, we explore the resistive readout of the bolometric response 
of graphene, where quantum effects introduce the long-sought-
after temperature dependence of graphene’s resistance15–17. Both 
long phase-coherence times and poor screening of carriers in two 
dimensions favour quantum interference and electron–electron 
interactions18–20. These effects introduce logarithmic-in-tempera-
ture T dependence of the conductivity σ of graphene, of the order of 
σ1 ~ e2/h ≈ 3.9 × 10−5 S, where e is the elementary charge:

σ Tð Þ ¼ σ0 þ σ1 T=1Kð Þ ð1Þ

With graphene at high carrier density n, these effects are rela-
tively small. Yet, as n approaches the Dirac point, the sheet con-
ductance of graphene σ0 decreases, and the relative contribution of 
quantum effects grows. This scenario, appealing for the use of gra-
phene as a thermometer, can however be spoiled by charge disorder. 
Close to charge neutrality, disorder leads to doping inhomogene-
ity, resulting in charge puddles that can effectively shunt quantum 
transport and cause the resistance of graphene to saturate at low 
temperatures21–23. In contrast, for high-quality graphene, such as 
flakes encapsulated by boron nitride24,25, reduced disorder results 
in monotonically increasing resistance at low temperatures. As we 

Towards quantum-limited coherent detection of 
terahertz waves in charge-neutral graphene
S. Lara-Avila   1,2*, A. Danilov1, D. Golubev3, H. He1, K. H. Kim1, R. Yakimova4, F. Lombardi   1, T. Bauch1, 
S. Cherednichenko1 and S. Kubatkin1
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recently demonstrated26, a similar physical situation occurs when 
epitaxial graphene on SiC is brought close to the Dirac point by 
chemical doping. The spontaneous accumulation and assembly of 
molecular dopants 2,3,5,6-tetrafluorotetracyanoquinodimethane 
(F4TCNQ) on graphene via diffusion through poly(methyl meth-
acrylate) (PMMA) results in a molecular adlayer that dopes epi-
taxial graphene to the vicinity of the Dirac point and flattens charge 
inhomogeneity, translating into an effectively reduced disorder. As 
a result, equation (1) holds even when graphene is doped to the 
Dirac point (n < 5 × 109 cm−2) (Fig. 1a), arising primarily from quan-
tum interference in the presence of strong intervalley scattering  
(Fig. 1b)18,24, thus making this material an effective thermometer 
down to T = 0.2 K.

But, from the point of view of bolometric mixer operation, how 
fast and sensitive can this thermometer be, while based on charge-
neutral graphene? Dependence (1) implies a diverging sensitivity of 
the resistive readout dR/dT ~ T−1ln−2(T), favouring measurements 
at low temperatures. The low heat capacity of graphene translates 
into fast device operation27 as long as a proper heat-link is pro-
vided. However, the electron–phonon cooling time τe−ph ~ n−0.5T−2, 
diverges at charge neutrality and low temperature28,29. Therefore, 
other cooling pathways, such as electron diffusion cooling, will be 
required. Although the residual charge puddles do not shunt quan-
tum interference effects, the exact chemical potential landscape 
and microscopic scattering details are not known for the studied 
material, and these may greatly modify charge and heat transport 

of graphene at the Dirac point30–33. Summarizing, it is a priori not 
clear how quantum interference and strong electron–electron inter-
actions in epitaxial graphene, chemically doped to the vicinity of 
the Dirac point, will affect the device speed and noise—it has to be 
tested experimentally.

We conducted THz mixing experiments to unveil both the 
response time and mixer sensitivity in epitaxial graphene chemi-
cally doped to the Dirac point. Figure 1c, the central result of this 
experiment, shows a mixing gain bandwidth of f0 = 8 GHz, cor-
responding to a time constant of 1/(2πf0) = 20 ps (for temperature 
independence of the gain bandwidth, see Supplementary Fig. 1). As 
we elaborate below, the high Fermi velocity in graphene and highly 
transparent metallic contacts34 in our impedance-matched, inter-
digitated device (L = 1.5 μm) allow the heat load in the device to be 
quickly dissipated by hot electrons diffusing into the metallic leads. 
Figure 1d shows a schematic of our setup, which simultaneously 
allows for direct current (d.c.), THz response and noise thermom-
etry measurements down to T = 0.32 K (see also Supplementary  
Fig. 2). Thorough calibration of the THz power reaching graphene 
and the gain of the GHz chain was performed using noise thermom-
etry (see Supplementary Figs. 3 and 4).

Remarkably, the d.c. transport characteristics, and both the 
THz direct and mixing response of our device—with transport 
properties dominated by quantum effects—can all be understood 
within a simple thermal model of diffusion cooling of electrons. 
In essence, the effect of THz radiation on our device is that of a  
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Fig. 1 | Graphene doped to the Dirac point as bolometric mixer. a, Zero-bias differential conductivity σ(T) = dI/dV|V = 0, measured in a dark (optically tight) 
cryostat for both a Hall bar (L = 180 μm × W = 30 μm, red) and the interdigitated THz mixer (L = 1.5 μm, blue), display a logarithmic temperature dependence 
σ(T) = σ0 + σ1ln(T/1K), confirming our interdigitated device retains the properties of the ‘bulk’ chemically doped graphene. We attribute the offset in σ0 
between the Hall bar and the THz mixer to an extra temperature-independent conductance channel, coming from the contribution of bilayer patches that 
shunt the monolayer graphene conductivity in the narrow gap39. The dashed line indicates slope σ1 = e2/h. b, Suppression of quantum interference effects 
by perpendicular magnetic field B breaking time-reversal symmetry (inset shows the cross-section of the device). c, The gain bandwidth of 8 GHz for our 
graphene mixer, extracted via measurements of the power at the intermediate frequency PIF as a function of detuning frequency between the signal fS and the 
local oscillator fLO. The solid line is a fit to P(fIF) = 1/[1 + (fIF/f0)2], the dashed line indicates P(fIF) = −3 dB. Resonances are due to interferences in the optical 
path and the IF chain. d, Schematic of the experimental setup: the THz signal at frequency fS is combined with a monochromatic wave emitted by a local 
oscillator at a nearby frequency fLO, and both are fed into graphene via an integrated bow-tie antenna through a silicon lens. G1, G2, and G3 are the gain of the 
IF amplifiers, and Δf = 58 MHz refers to the bandwidth of the bandpass filter.
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temperature increase, with a diffusion cooling rate dominating 
over phonon cooling of hot electrons (see Supplementary Section 1  
and Supplementary Fig. 5). Figure 2a shows the differential resis-
tance dV/dI (where V is voltage and I is current) of the device, 
measured in the optical cryostat with the THz source OFF, as a 
function of the bias current at different temperatures. Figure 2b 
complements this, with the dV/dI of the device at the base tem-
perature T0 = 0.32 K for increasing THz power Pac. In both figures, 
solid lines correspond to calculations within a diffusion cooling 
model (DCM), which considers that the heat induced by both 
d.c. current and THz radiation is transferred by charge carriers 
into the metallic leads kept at the cryostat temperature T0 (see 
also Supplementary Figs. 5 and 6 and Supplementary Section 2). 
The power Pac refers to the THz input power that is dissipated in 
graphene, and through the rest of the paper we thus focus on the 
intrinsic mixer parameters that describe the detector’s response 
to Pac. Our model assumes the validity of Wiedeman–Franz law 
and considers that, for temperatures below 6 K, phonon cooling of 
electrons can be neglected. For the particular case of logarithmic 
temperature dependence of the bridge conductance, the device 
I–V characteristic I(V) under a THz power Pac can be obtained 
within the DCM as a recursive expression:

IðVÞ ¼ G T0ð ÞV þ G1V

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u2

p

u

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u2

p
þ u

 
� 1

 
ð2Þ

with u ¼ 1
VT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2 þ V

I Pac
q

I
 and VT ¼

ffiffiffiffi
L

p
´T0

I
. Here, 

G(T) = G0 + G1ln(T/1K) is the experimentally determined tempera-
ture-dependent conductance, yielding G0 = 6.55 mS and G1 = 3.50 mS. 
From the family of differential resistance curves measured with the 
THz source OFF in Fig. 2a, we extract as a fitting parameter the 
radiation background power PBkg = 0.28 nW in our cryostat, which 
leads to apparent saturation of conductance at low temperatures 
(Fig. 2a, inset). Additionally, the fit returns the Lorenz number 
L ¼ 3:1 ´ 10�8 WΩK�2

I
 remarkably close to its theoretical value, 

L ¼ π2=3 kB=eð Þ2 2:44 ´ 10�8 WΩK�2

I
. Next, we use the same 

PBkg and L
I
 to predict a set of curves for the dV/dI response under 

THz irradiation at base temperature T0 = 0.32 K, considering that 
the total absorbed THz power (Pac) includes contribution from both 
the LO and PBkg. Figure 2b shows, with no extra fitting parameters 
involved, that the DCM precisely reproduces the observed response 
to radiation. Having established the bolometric nature of the THz 
response in our device, we investigated its performance as a THz 

mixer. We irradiated the device with two THz sources, a weak sig-
nal S, and the stronger LO, measuring the mixer gain Gmix = PIF/PS, 
which is the ratio of the power at the output (PIF) to the signal power 
coupled into the device, PS (Fig. 3a). The latter one was obtained 
from experimental I(V) curves with and without the THz signal 
applied. Solid lines in Fig. 3a show that, within all of our tested 
parameter space (T0, local oscillator power PLO, bias current Id.c.), 
Gmix is well described by the classical bolometric mixer expression35, 
which also follows from the DCM:

Gmix ¼
1
2
PLO
Pd:c:

50Ω
V=I

1� V
I

� 
dI
dV

� 

1þ 50Ω dI
dV

� 
" #2

ð3Þ

The maximum measured mixer gain is Gmix = −27 dB (PIF/PS = 2%) 
at optimum mixing conditions (PLO = 3.8 nW, Id.c. = 5 μA). At this 
operating point, the electronic temperature in graphene, measured 
by noise thermometry, is elevated above the base temperature due 
to the d.c. bias and the LO and background radiation powers, reach-
ing an effective noise-equivalent temperature TS ≈ 1.9 K, as shown 
in Fig. 3b. Solid lines in Fig. 3b correspond to the DCM considering 
that the microwave noise of graphene is purely thermal (Johnson 
noise) (see also Supplementary Section 3 and Supplementary Fig. 7).  
For a mixer, the ultimate sensitivity is determined by its noise tem-
perature Tmix, and for our device we find, using experimental values, 
Tmix = TS/(2Gmix) = 475 K (the factor 2 accounts for the double side-
band nature of mixing).

With the validity of the DCM demonstrated, we extrapolated 
the intrinsic performance of our device for zero background radia-
tion conditions (PBkg = 0), as expected on a space-borne mission. 
Figure 3c shows that zero background would allow for operation 
at reduced d.c. bias, resulting in the increase of the achievable mix-
ing gain Gmix(Id.c., PLO) by a few decibels compared with the gain 
we measured in our cryostat (Fig. 3a). Combining the mixer gain 
and the TS corresponding to maximum conversion conditions, we 
show the calculated mixer noise temperature as a function of the 
base temperature T0 in Fig. 3d (see also Supplementary Section 4 
and Supplementary Fig. 8). Under these considerations, cooling the 
device down to T0 = 0.2 K, a limit set by the validity of logarithmic fit 
in our model and achievable in refrigerators for satellite missions36, 
would lead to Tmix = 36 K. Remarkably, this implies that the gra-
phene bolometer mixer can operate in a quantum-limited regime at 
all frequencies above kBTmix/h = 0.75 THz.
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The performance of our THz mixer, summarized in Table 1, 
improves drastically at lower temperatures and thus can take full 
advantage of space-oriented cryocoolers providing sub-Kelvin tem-
peratures36. In our experiments, the graphene temperature at opti-
mum operation conditions was limited by the background radiation 
power. However, with the present device at zero radiation background, 
we expect TS ~ 0.4 K; if combined with the best available commer-
cial amplifiers (TAmp ~ 1 K), this translates into a mixing noise figure 
of 125 K for the mixer-amplifier chain. Thus, unleashing the full 
potential of the presented mixer requires a wideband amplifier with 
sub-Kelvin noise and high-performance circulators. Such devices 
are emerging on the wave of progress in quantum technologies7.  

For an IF amplifier with an added noise of about 1 photon at 
10 GHz, the mixer input-referred noise will be 1/Gmix ≈ 100 in units 
of 10 GHz photons, or ~1 in units of 1 THz photons.

Our results are based on our ability to decrease the carrier density 
in graphene without degrading its transport properties. In this sce-
nario, quantum transport in graphene at the Dirac point enables highly 
sensitive and broadband terahertz coherent mixing. Currently dem-
onstrating a gain bandwidth of 8 GHz for a L = 1.5-μm-long device, 
and with its operation fully described by a diffusion cooling model, we 
expect the bandwidth of the device to scale as ~L−2 (refs. 10–12). Thus, 
for a device length of 0.8–1.0 μm (attainable with current microfab-
rication technologies), the bandwidth can in principle be extended 
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shown. Dashed line represents an approximated expression for the mixing gain Gmix ∝ (G1V/I)2. d, Mixer noise temperature (Tmix = Tnoise/2Gmix) under optimal 
conditions as a function of the base temperature T0.

Table 1 | Summary of graphene bolometric mixer parameters

L (μm) f0 (GHz) fLO (GHz) PLO (nW) Id.c. (μA) PBkg (nW) TS (K) Gmix (dB) Tmix (K)

Measured 1.5 8 98, 392, 698 3.8 5 0.28 1.9 −27 475

Projected 0.8 20 Entire THz 
range

0.04 1 0 0.4 −22 36 (TAmp ~ 0.3 K)

125 (TAmp ~ 1 K)

The observed and expected parameters under optimal conditions include: device channel length (L), gain bandwidth (f0), local oscillator frequency (fLO), local oscillator power (PLO), bias current (Id.c.), 
background radiation power (PBkg), effective noise-equivalent temperature (TS), mixer gain (Gmix) and mixing noise temperature (Tmix). The measured mixer gain (Gmix) and mixing noise temperature (Tmix) 
are extracted from the measurements at fLO = 98 GHz. The validity of the bolometric model ensures that the same values hold for fLO = 392 GHz and 698 GHz. The projected (calculated values) reflect the 
intrinsic performance of the device in an optimized setup (zero background radiation power, PBkg = 0). Zero background radiation would allow for operation at reduced d.c. bias, resulting in the increase 
of the achievable mixing gain Gmix by a few decibels compared with the gain that we measured in our cryostat. The projected Tmix is provided for an intrinsic device performance as well as for the mixer-
amplifier chain using the best available commercial amplifiers (TAmp ~ 1 K). The operational mixing parameters PLO, Gmix and Tmix refer to the intrinsic sensor performance that is referred to the THz signal 
power coupled into the mixer.
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to 20 GHz, far superior to what is achievable in superconducting 
mixers. Our large interdigitated device geometry, chosen for our 
proof-of-concept experiments, can present challenges for operation 
at supra-THz frequencies. Future devices, optimized for operation at 
supra-THz frequencies, might thus require geometry different from 
the interdigitated device with more elaborate signal coupling schemes, 
for example, distributed bolometers in a coplanar waveguide37,38. 
Combining wafer-scale epitaxial graphene on SiC and subnanowatt 
LO power requirements, this mixing platform is appealing for imple-
menting large focal-plane arrays of THz mixers. Finally, the achievable 
mixing gain Gmix ∝ (G1V/I)2 is set by the strength of quantum effects, 
which in our material are quantified as σ1 ≈ 0.3 e2/h (Fig. 1a). Further 
efforts will unveil whether a different combination of polymers and 
molecular dopants can lead to an increased σ1, as a result of an even 
more homogeneous doping closer to the Dirac point or by tuning a 
particular interplay of microscopic scattering mechanisms.

Methods
Sample fabrication. Monolayer SiC/G was grown on the Si face of SiC using 
thermal decomposition of 7 mm × 7 mm SiC substrates. The samples were grown 
in argon atmosphere at 800 mbar, and at a temperature of around 1,700 °C for 
5 min. Optical microscopy reveals a typical surface coverage of >95% monolayer 
graphene. Devices were fabricated using conventional electron beam lithography, 
using only PMMA resist (Microlithography Chemicals) bilayer and lift-off. 
The electrical contacts were fabricated using physical vapour deposition of Ti/
Au, 5 nm and 80 nm thick, respectively. After fabrication, samples were cleaned 
using isopropyl alcohol, acetone and dried using nitrogen gas. After this step, the 
samples were spin-coated with a 100-nm-thick PMMA layer (Microlithography 
Chemicals), followed by spin coating of a 170-nm-thick chemical dopant blend. 
The dopant blend consists of a mixture of F4TCNQ (Sigma-Aldrich) and PMMA 
(Microlithography Chemicals). In detail, 25 mg of dry F4TCNQ powder was mixed 
with 3 ml anisole solvent. Subsequently, 0.5 ml of this solution was then mixed 
with 1 ml PMMA A6 (6% PMMA by weight in anisole). The resulting ratio of 
PMMA to F4TCNQ was roughly 93:7 by weight. All polymer layers are deposited 
on graphene using spin coating at 6,000 r.p.m. for 1 min. A 5 min baking step on a 
hotplate at 160 °C followed each spin-coating step. This process consistently yielded 
a carrier density |n| < 1 × 1010 cm−2 and sheet resistance of about ρ = 50 kΩ sq−1 
at T = 1 K. At this temperature, the mean free path (MFP) in this material is of 
the order of lMFP ¼ h= 2e2ρxx

ffiffiffiffiffi
πn

pð Þ  20 nm
I

 at low temperatures, anticipating 
diffusive electron transport in micrometre-scale devices. To match the resistance 
of the graphene sample to both the THz impedance of the antenna and the 
impedance of the IF readout amplifier, we used interdigitated electrodes, with 
a graphene length of L = 1.5 μm and a device width of W = 345 μm, resulting in 
nominally 230 squares of graphene in parallel. This approach allows graphene 
bolometer integration in a simple bow-tie antenna, suitable for experiments from 
the millimetre waves up to 1 THz.

Gain bandwidth measurements. Frequency mixing experiments were done 
with the two-wave mixing approach, where the frequency of one THz source 
is kept constant, while the frequency of the second source is changed. The 
resulting THz current through the device becomes amplitude modulated with 
the beating frequency fIF = fLO − fS. The output signal from the device under test 
is amplified and its power is measured with a spectrum analyser. Measurements 
were conducted with THz generators in all three frequency bands (100, 400 and 
700 GHz). For broadband measurements, with the beating frequency fIF at least 
up to 10 GHz, both the bias tee and the amplifiers were held at room temperature. 
Gain calibration for the readout chain was conducted separately. The only factors 
that were not included in the calibration were the effect of the mixer block and the 
THz standing waves in the optical path. These residuals lead to some ripples in the 
measured signal. The fitting curve P(fIF) = 1/[1 + (fIF/f0)2] in Fig. 1c of the main text 
provides a roll-off frequency of f0 = 8 GHz.

Data availability
The authors declare that the main data supporting the findings of this study are 
available within the article and its Supplementary Information files. Additional 
data is available from the corresponding author upon request.
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