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Abstract

Electrical quantum standards, e.g., quantum resistance, current, and voltage, have played a
decisive role in modern metrology, particularly since the International System of Units (SI)
revision in 2019. The Sl unit of electrical resistance, the ohm, is implemented by a quantum
Hall resistance (QHR) based on the quantum Hall effect. Furthermore, other Sl units, such as
the farad, the ampere, and the kilogram (realized by Kibble balance), essentially require QHR
standards in their traceability route to realize their Sl units. Therefore, QHR standards play an
essential role in implementing the new SI. Conventional GaAs heterostructure QHR standards
with the quantized resistance value of Ry = h/2e? (filling factor v = 2) are operating under the
extreme conditions of high magnetic flux density B > 10 T, limited current | <50 pA, and low
temperature T < 1.5 K. These extreme operating conditions significantly hinder the
dissemination of primary resistance standards, let alone the commercialization of quantum
resistance standards. Simplifying the operation conditions of QHR standards can shorten the
calibration chain from primary resistance standards to the final product, resulting in higher
accuracy for the end users in science, technology, and industry. Moreover, the other SI units
correlated with the unit ohm can also benefit from the improved QHR standard in their
traceability route. Developing a new generation of QHR standards that can operate under
relaxed conditions of the lower B (< 6 T), higher | (> 100 pA), and higher T (> 4.2 K) is the

cornerstone of the electrical quantum standards.

In the past decade, epitaxial graphene on SiC has emerged as a promising alternative to GaAs
heterostructures for primary QHR standards with a 10 accuracy (nQ/Q) because epitaxial
graphene is promising to realize the SI unit of resistance under relaxed conditions of B, I, and
T. In this study, large-scale, high-quality single-layer epitaxial graphene is grown on semi-
insulating SiC substrates. A simple, efficient, and cost-effective fabrication process based on
optical lithography is successfully developed to fabricate twelve identical graphene QHR
devices into a centimeter graphene chip. The intrinsic high carrier density of the as-grown
epitaxial graphene is reduced and tailored by F4-TCNQ molecular doping. By precisely
adjusting the F4-TCNQ dopant concentration, the carrier density is tuned to the desired values
spanning from intrinsic n-type to the p-type regimes for developing QHR standards. A physical
model in terms of the energy band diagram is established to explain the electron transfer

mechanism between the F4-TCNQ and epitaxial graphene/SiC surface.
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Furthermore, the n- and p-type epitaxial graphene is used to successfully develop the primary
QHR standards, which can operate under relaxed conditions. The n-type graphene QHR
standards achieved a high accuracy of less than 2 nQ/Q (two parts per billion, k = 2) at a
moderate magnetic flux density of B =4.5 T, high current of I =232.5 pA, and easier to access
temperature of T = 4.2 K, simultaneously. To our knowledge, this is the best performance of
graphene QHR standards achieved in literature so far. The graphene QHR standards have
maintained the 2 nQ/Q accuracy in terms of time over 2.5 years, multiple cool-down cycles
over fifteen times, and long-distance shipment over 800 km between two metrology institutes.
More importantly, this dissertation first systematically demonstrated that p-type epitaxial
graphene can also be used for primary resistance standards, as accurate (10°° accuracy) as GaAs
and n-type graphene counterparts for realizing the SI unit ohm in quantum resistance metrology.
Furthermore, a contour plot of graphene QHR standards is proposed to reveal the correlation of
the quantization regime (10 accuracy) with magnetic field and carrier density. The contour
plots serve to benchmark the graphene QHR device according to end users’ specifications.
When implemented, graphene QHR standards may lead to broader dissemination of primary
resistance standards beyond national metrology institutes, extending to commercial calibration

laboratories and industry on-site.

Keywords: epitaxial graphene on SiC, quantum Hall resistance standard, quantum resistance

metrology, F4-TCNQ molecular doping, unit of resistance
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1.1 The history of graphene

Chapter 1. Introduction

1.1 The history of graphene

3D 2D
Graphite Graphene
1D 0D

Carbon nanotubes Fullerene

Figure 1.1 Graphite (top left) can be viewed as a stack of graphene layers. Graphene
(top right) is a honeycomb lattice of carbon atoms. Carbon nanotubes (bottom left) are
rolled-up cylinders of graphene. Fullerenes (Ceo) (bottom right) are molecules
consisting of wrapped graphene by introducing pentagons on the hexagonal lattice.
Adapted from Ref. [1]

Graphene is a thin, two-dimensional (2D) material consisting of a single atomic layer of carbon
atoms arranged in a hexagonal lattice. It is the basic building block of many other carbon-based
materials, including graphite, carbon nanotubes, and fullerenes, as presented in Figure 1.1.
Graphite, commonly found in pencils, is simply a stack of graphene layers. Carbon nanotubes
are made of rolled-up sheets of graphene. Buckminsterfullerene molecules, also known as
“buckyballs”, are nanometer-size spheres of wrapped-up graphene. These forms of carbon were
isolated long before the discovery of graphene and have been used in many applications, but
their electric, magnetic, and elastic properties all originate from the properties of graphene.
Graphene is a 2D crystal with exceptional properties. It is a million times thinner than paper,

1
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1.1 The history of graphene

more robust than diamond, and more conductive than copper. Its properties include high optical
transparency, high electric and thermal conductivity, high mechanical strength, single-molecule
gas detection sensitivity, and high electron mobility. In addition, it is also transparent, flexible,
and impermeable to gases and liquids. Graphene has a wide range of potential applications in

electronics, energy storage, composite materials, and biomedical engineering. [2]

Historically, the term “graphene” has its origins in the Greek word graphein, meaning “to write”.
This was one of the earliest documented uses of the term “graphene”. In 1800, the German
chemist A. G. Wagner referred to the bulk material in pencils using the term “graphite”. [3]
Since 1986, a precise definition of this material has been available. In 1997, the International
Union of Pure and Applied Chemistry (IUPAC) formalized these definitions by incorporating

them into their Compendium of Chemical Technology. [3]

In 2004, Andre Geim and Konstantin Novoselov at the University of Manchester isolated
graphene using a method called mechanical exfoliation. They peeled off a single layer of
graphene from bulk graphite using sticky tape. Due to their contribution to the isolation and
observation of graphene, and more importantly, the discovery of its unique electronic properties
and groundbreaking experiments regarding single-atom-thick 2D material, Andre Geim and
Konstantin Novoselov were awarded the Nobel Prize in Physics in 2010. Since then, graphene
has attracted significant attention due to its unique properties mentioned above. [4] It is a semi-
metal with linear energy dispersion around the Dirac point due to its 2D honeycomb structure,
which causes the material to behave differently from conventional semiconductors. [4,5] The
discovery of graphene was a significant milestone in the field of materials science. It has opened
new avenues for revolutionary applications, such as radio-frequency devices [6], gas

sensors [7], and high-accuracy metrology [8].

In 1840, the German scientist Schafhaeutl decoupled individual flakes of graphite through
intercalation and exfoliation for the first time. Extraordinary electrical properties were observed
in these flakes. [3,9,10] In 1859, English chemist Benjamin Collins Brodie recognized the
highly layered nature of thermally reduced graphite oxide. [11] The structure of graphite was
identified in 1916 [12] by the related method of powder diffraction. [13,14] The properties of
graphite oxide were studied in detail by Kohlschitter and Haenni in 1918. [15] Its structure was
determined from single-crystal diffraction in 1924. [16] Since the observation of the graphite
multilayer structure in experiments, scientists have attempted to fabricate monolayer graphite,

which was later called graphene.
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1.1 The history of graphene

The epitaxial growth of ultrathin graphitic films and a few layers of graphene have been
reported since 1970. The earliest efforts to fabricate a few layers of graphite date back to 1970
when John Grant reported graphitic films on Ru and Rh and Blakely et al on Ni. [17] In 1975,
Lang et al. produced mono- and multi-layered graphite by thermal decomposition of carbon on
single-crystal Pt substrates. [18] In 1975, van Bommel et al. sublimated silicon atoms from
silicon carbide (SiC (0001)) crystal in high vacuum at elevated temperature to form thin sheets
of graphene. [19] In 2004, Geim and Novoselov successfully obtained single-atom-thick carbon
sheets from highly ordered graphite through a micromechanical exfoliation process. [5,16]

Since then, extensive research on graphene has taken place.

A starting point for understanding the electronic properties of three-dimensional (3D) graphite
was found by P.R. Wallace in 1947. He explored the theory of graphene, predicted the electronic
structure, and noted the linear dispersion relation. [20] In 1984 Gordon W. Semenoff, David

DiVincenzo, and Eugene J. Mele first pointed out the emergent massless Dirac equation. [21]

Nowadays, three main methods have been developed for fabricating monolayer and multilayer
graphene: mechanical/chemical exfoliation, chemical vapor deposition (CVD), and sublimation
of SiC. The mechanical exfoliation of graphene is a repeated peeling process. This method was
invented by Andre Geim and Konstantin Novoselov. This method extracted a few atom-thick
graphite in 2004 [16], and successfully obtained a single graphene sheet by scratching the
graphite surface with sticky tape in 2005 [5]. Mechanical exfoliation can only produce graphene
flakes that are approximately 10 - 100 um in size, which is suitable only for fundamental
laboratory research and not large enough for industrial purposes. The chemical exfoliation can
be introduced as a two-stage process: the first stage is increasing the space between layers in
graphite, which reduces the interlayer van der Waals forces. This can be done by intercalating
graphite to create graphite-intercalated compounds. [22] In the second stage, these graphite-
intercalated compounds are exfoliated to a single- or few-layer graphene by ultra-sonication or
rapid heating and finally transferred to another substrate. Chemical exfoliation is a promising
method for synthesizing large-scale graphene, but the structure may have many defects due to

the oxidation and reduction processes.

An alternative technique for synthesizing graphene is CVD on transition metal substrates, such
as Cu, Ni, Pd, Au, or Ru. [23,24] The first report on few-layer graphene synthesized by CVD
was published in 2006. [25] This method is based on the saturation of transition metal by carbon
in a hydrocarbon gas at high temperatures. In this process, the metal substrate acts as a reaction

catalyst and determines the deposition mechanism of graphene, which influences the graphene
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1.2 Epitaxial graphene by sublimation growth on SiC

quality. Since acid solutions can etch some of the transition metals, graphene on these materials
can be transferred to other substrates. This method offers the advantage of synthesizing large-
scale graphene domains, but it requires transfer to an insulating substrate, which inevitably

introduces defects in graphene.

Therefore, it is necessary to find a method to fabricate large-scale, low-defect-density graphene
films directly on an insulating substrate for electronic application.

1.2 Epitaxial graphene by sublimation growth on SiC

Epitaxial graphene is graphene that spontaneously forms on silicon carbide (SiC) crystals when
silicon sublimates from the surface at high temperature, resulting in a carbon-rich surface that
recrystallizes into graphene. The method of sublimation growth on SiC is growing graphene on
semi-insulating SiC substrates using a process called epitaxy, which offers several advantages
over the other methods. For instance, epitaxial graphene can be grown in high-quality large-
area sheets that are free from defects and impurities, making it an ideal material for use in
electronic and optoelectronic devices. In addition, epitaxial graphene is a cost-effective option.
Epitaxial graphene can be grown using a relatively simple and cost-effective process, unlike
other forms of graphene, such as exfoliated graphene. Moreover, large-scale graphene on a
semi-insulating SiC substrate allows for the integration of many devices on one graphene chip,
and the device fabrication process is compatible with the existing SiC technology, which

enables the scalable development of graphene electronics.

In recent years, research on epitaxial graphene has rapidly expanded. It is now considered to be
one of the most promising materials for use in next-generation electronics, optoelectronics, and
energy storage. Therefore, there is a growing interest in developing new methods for growing

epitaxial graphene, as well as in the study of its properties and potential applications.

The idea of synthesizing graphene by thermal decomposition SiC is inspired by the
investigation of single crystal SiC growth. In 1970, Tairov and Tzvetkov established a modified
seeded sublimation growth process for the development of 6H-SiC, which was a breakthrough
for SiC growth. [26,27] This process is also known as the modified Lely process. During that
time, the the sublimation growth was focused on the synthetizations of SiC, rather than
graphene. Inspired by the principles of the sublimation growth of SiC, the sublimation growth
of graphene from single crystals of SiC(0001) was developed.
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1.2 Epitaxial graphene by sublimation growth on SiC

Epitaxial growth on insulating substrates was first demonstrated by van Bommel et al., a group
from the Netherlands. In 1975, van Bommel et al. reported the observation of the SiC(0001)
surface. At an elevated temperature of 1500 °C in an ultrahigh vacuum (UHV < 10 Torr), a
“graphite pattern” became visible (note: in 1975, the name of graphene was not defined yet).
The monolayer flakes of carbon were consistent with the structure of graphene obtained, as
determined by Low-energy Electron Diffraction (LEED) and Auger electron spectroscopy. [14]
In addition, Chuhei Oshima (1993) found other carbides allowing for graphene growth, such as
TiC. [28] Before 2004, the grown films were usually analyzed using surface science techniques

that did not provide information about the continuity and quality of the entire graphene film.

In 2009, Emtsev et al. demonstrated the growth of epitaxial graphene in an argon (Ar)
atmosphere close to atmospheric pressure synthesized large scale (3 um wide and 50 um long)
monolayer graphene strips on the periodic terraces of an insulating SiC substrate. [29] This
method can grow large-scale, low-defect-density graphene films directly on an insulating SiC
substrate for electronic device fabrication. Nowadays, graphene growth by SiC sublimation is
typically performed in a furnace with an Ar to improve the uniformity of the epitaxial graphene
layer. Epitaxial graphene on SiC has several advantages, including not requiring transfer for
device processing and the ability to have a graphene sheet as large as the substrate up to the
centimeter scale. SiC is a polar material with two inequivalent terminations, the Si face
corresponding to the (0001) polar surface and the C face (0001). The growth mechanism of
graphene layers on both faces is driven by the sublimation of Si at elevated temperatures, which
occurs at a much faster rate of C face due to its higher vapor pressure. [30] The surface
reconstructions and growth kinetics of Si and C faces are different, resulting in different

graphene growth rates, growth morphologies, and electronic properties. [14,31]

The first attempt to perform magnetotransport in ultrathin epitaxial graphite on SiC was
reported by Walt A. de Heer’s group in 2004. [32] In this paper, three layers of epitaxial
graphene were obtained on a 6H-SIiC substrate. The transport measurement exhibited an
electron mobility up to 1100 cm?/Vs and nascent Shubnikov—de Haas oscillations. In the same
year, Geim and Novoselov performed magnetotransport measurement in a few layers of

graphene by exfoliated method. [16]
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1.3 QHR standards based on epitaxial graphene on SiC

1.3 QHR standards based on epitaxial graphene on SiC

The quantum Hall effect (QHE) was discovered in 1980 when Klaus von Klitzing was
investigating the transport properties of a Si-MOSFET device at a very low temperature and
high magnetic field in Grenoble [33]. It is a macroscopic quantum phenomenon [34], in which
the Hall resistance Ryy of a two-dimensional electron gas (2DEG) is quantized in high magnetic
fields and cryogenic temperatures. The quantized Hall resistance is equal to h/(ve?) in theory,
where v is an integer known as the filling factor. The QHE thus provides an invariant reference
for electrical resistance linked to two natural constants. It sparked an immediate interest in the

metrological community.

Nowadays, the quantum Hall effect (QHE) is a cornerstone in the realization of the new Systéme
international d'unités (International System of Units, SI). The practical realization of the ohm
is carried out using a quantum Hall resistance (QHR) standard operated at v = 2, delivering Rn
= h/(2¢?). Improving the accessibility of QHR standards and simplifying their use can
significantly improve the traceability of the primary resistance standard, the ohm, in both direct
and alternating current regimes. Other Sl units, such as the farad [35,36], the ampere [37,38],
and the kilogram (via Kibble balance experiments) [39] essentially require the QHR standards
in their traceability route to realize its SI units. High-performance QHR standards, capable of
achieving an accuracy of 10 in lower magnetic fields and higher currents, are thus of great

interest for the widespread and robust implementation of the new SI.

So far, conventional QHR standards utilized in many NMIs since the 1990s are based on
Gallium-Arsenide (GaAs) heterostructures. These standards permit the implementation of the
unit of resistance with an uncertainty of 1 nQ/Q or below, but only at high magnetic fields
(usually around B = 10 T), ultra-low temperatures (T < 1.5 K) and limited current levels
(typically, I <50 pA)). [40,41]

In 2005, two groups, A. K. Geim’s group at the University of Manchester [5] and P. Kim’s
group at Columbia University [42], simultaneously observed the QHE in a single layer of
exfoliated graphene. Graphene, a truly 2D material, provided another option to implement QHR
standards for resistance metrology. The unique band structure of this semi-metal has both
practical and fundamental implications. Due to the massless nature of charge carriers in
graphene, the energy gap between the first two Landau levels is much more significant than
that in semiconductor materials in a high magnetic field. The QHE in graphene can be observed

at a much lower magnetic field and/or much higher temperature [43]. The marked difference in
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band structure and charge carrier characteristics between graphene and semiconductor systems
allows for a demonstration of the universality of the QHR through a rigorous test of the material

independence of the value of Rk= h/e?, the von Klitzing constant. [44]

Over the past decade, epitaxial graphene on SiC has emerged as a promising alternative to GaAs
heterostructures for QHR standards. In the years 2010 to 2012, it was demonstrated for the first
time that epitaxial graphene can be used for QHR standards, achieving an accuracy level of
nQ/Q at temperatures in the mK range and magnetic fields B > 11 T. [8,45,46] Nevertheless,
these operating conditions were not yet competitive with those used for GaAs QHR standards.
Recent research has shown that graphene QHR standards are able to achieve the accuracy level
of nQ/Q in realizing the ohm under a single optimal condition, e.g., either magnetic field B,
current I, or temperature T, while the other two parameters were not optimized. [47-53] For
instance, these graphene QHR standards can achieve an accuracy of 10 but require either high
magnetic fields, low currents, or low temperatures. Implementing such experimental conditions
for QHR standards requires expensive equipment, liquid cryogenics, and technical expertise. In
addition, there was only one recent study reporting on the long-term stability of graphene QHR
standards in metrology applications. [52] These are significant obstacles to a simplified and
cost-effective practical realization of the ohm and related Sl units based on QHR standards.
Currently, these limitations do not allow for a wider dissemination and proliferation of primary

QHR standards in NMls, secondary calibration companies, and industry.

Ideally, QHR standards are expected to achieve an accuracy level of nQ/Q under relaxed
experimental conditions, specifically at a low magnetic field B, high current I, and high
temperature T. By simplifying the operating conditions (B, I, T), the QHR device will become
compatible with portable, compact, and cryogen-free setups, where the superconducting magnet
would no longer be necessary. Therefore, the primary standards will become more accessible
to secondary calibration companies and industrial applications beyond national metrology
institutes (NMIs). Operating such a simplified system can shorten the calibration chain from
primary QHR standards to the final product, resulting in higher accuracy for end-users in
science, technology, and industry. However, achieving nQ/Q-level accurate QHR standards
under relaxed conditions is challenging due to the mutual constraint of B, I, and T on the QHE
physics. For instance, to maintain high accuracy in quantized Hall resistance, decreasing B
competes against increasing | and T. Furthermore, the QHR standards used in metrology must
maintain high accuracy under relaxed experimental conditions for extended periods of time,

ideally years or decades, as demonstrated by GaAs-based QHR standard.
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This thesis aims to address these bottlenecks in QHR standards and further improve the

performance of graphene QHR standards to underpin wider applications.

1.4 Contributions and Scope

The contributions in this thesis include two aspects: the permanent tailoring of charge carrier
density in epitaxial graphene and the realization of the SI unit ohm by the n- and p-type
graphene QHR standards. This thesis presents the results of the high-quality and large-scale
epitaxial graphene produced by the sublimation growth on a 6H-SiC substrate. A molecular
doping technique is developed in this thesis to enable the free control of the carrier density in
epitaxial graphene for the application of resistance metrology. By adjusting the concentration
of the 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyan-oquino-dimethane (F4-TCQN) molecule, the
carrier density in epitaxial graphene can be permanently tuned to the desired values, spanning
from the n-type to the p-type regime. The large-scale and high-quality epitaxial graphene, in
conjunction with the advanced F4-TCNQ molecular doping technique, enables the scalable and
integrated QHR standards to be patterned on centimeter-sized graphene chips using optical
lithography. Both n- and p-type graphene QHR standards demonstrate the quantum Hall
resistance has achieved an accuracy of 1.0 + 2.6 nQ/Q. The nQ/Q-level accuracy of the QHR
has been maintained over a period of 2.5 years to date. Moreover, the QHR maintains its
accuracy even after experiencing long-distance transport between two national metrology
institutes. Furthermore, the graphene QHR shows agreement with Rk/2 under the
simultaneously relaxed conditions of B=4.5T, | =232.5 pA, and T = 4.2 K, thus realizing the

Sl unit of electrical resistance, the ohm (Q).

This thesis commences in Chapter 1 with an introduction to the history of graphene, the

epitaxial growth of graphene on SiC, and the QHR standards based on epitaxial graphene.

Chapter 2 provides an overview of the basic characteristics of graphene and its distinctive
electronic properties. Chapter 2 also introduces the magnetotransport theory in graphene, which
is related to its unique electronic structure. The transport theory includes the classical and
quantum Hall effect and how this is modified in the case of graphene. This knowledge is useful

throughout the results and discussions.

Chapter 3 explains the material growth setup, characterization technique, device fabrication,
magnetotransport setup, and high-accuracy measurement system. Epitaxial graphene is grown

on semi-insulating 6H-SiC substrates in a furnace at a temperature exceeding 1750 °C. Surface
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science measurements are used to characterize the quality of graphene. The fabrication of
graphene QHR standards includes two steps: device fabrication by optical lithography and the
F4-TCNQ molecular doping technique. Magnetotransport measurement is used to investigate
the transport properties of epitaxial graphene. High-accuracy measurement is used to

investigate the performance of graphene QHR standards.

Chapter 4 describes the F4-TCNQ molecular doping technique, whereby an F4-TCNQ powder
is dissolved into PMMA to form a dopant blend. By precise adjustment of the F4-TCNQ dopant
concentration in PMMA, the carrier density can be tuned to the desired values, from initial n-
to the p-type regime across the charge neutrality point. As the F4-TCNQ molecular doping
technique deals with a compensation doping process, it is of the utmost importance to reliably
reproduce the initial carrier density of epitaxial graphene. This was accomplished by the pre-
annealing process prior to the doping procedure. Further, the scattering mechanisms of epitaxial
graphene at low and high temperature ranges are discussed. Because of the strong interaction
between the graphene and the buffer layer/SiC substrate, the charge carriers of epitaxial
graphene exhibit distinct scattering properties in comparison with the exfoliated graphene on
SiO2 or hexagonal boron nitride (hBN) substrates. At low temperatures (T < 20 K), the
scattering is dominated by short-range and long-range scattering. At high temperatures above
20 K and below 300 K, additional scattering mechanisms emerge as a result of the interaction
between graphene and the SiC substrate. These include remotely interfacial phonons (RIPs) and
longitudinal acoustic (LA) phonons, which act as additional scatterers as the temperature
increases. Finally, a doping model is proposed to explain the F4-TCNQ molecular doping

process on the graphene/SiC surface.

Chapter 5 presents the high-accuracy measurements of various n- and p-type QHR devices with
carrier densities over a wide range to achieve the nQ/Q-level accuracy of the quantized Hall
resistance. The high-accuracy measurement results of the n-type device demonstrate that the
quantized Hall resistance with an accuracy of (0.7 £ 2.6) nQ/Q can be achieved in a wide
magnetic field range from 4 to 12 T at 4.2 K. The graphene QHR standards fabricated by the
different doping stacks (5 layer-, 3 layer-, and 2 layer- doping stacks) are tested in high-accuracy
measurements, indicating the controlled doping effect and identical performance for resistance
metrology. A systematic high-accuracy measurement of the QHR devices with varying electron
densities has revealed that the onset of the quantization regime is dependent on the electron
density. A 2D contour plot of the quantization regime is proposed to reveal the correlation

between the quantization regime and the electron density, as well as the magnetic field.
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Moreover, we compare the performance of our graphene QHR standard with that of a
commercial one from Graphenesic AB company. Our graphene QHR standard exhibits superior
performance compared to the commercial counterpart. Furthermore, the investigation is
extended to p-type graphene QHR standards. These p-type graphene QHR standards also
achieve an accuracy of (2 + 2.6) nQ/Q over a wide magnetic field range from 4.5t0 12 T at 4.2
K. The quantization regime of the p-type QHR standard is asymmetric with that of the n-type
QHR standard. Finally, the QHR standard is investigated at high temperatures up to 300 K in
order to explore the temperature limit of the accurate quantum Hall resistance. The temperature-
dependent measurement results demonstrate that the n€/Q accuracy of QHR of epitaxial
graphene is limited below 25 K. As the temperature increases above 25 K, the quantum Hall
resistance deviates from the theoretical value Rk/2. This is attributed to the phonon-mediated
quantum Hall transport in epitaxial monolayer graphene.

Chapter 6 presents high-accuracy measurements over a period of two years to investigate the
long-term stability of graphene QHR standards. The devices were stored in a closed chamber
with a mixture of nitrogen (N2) and air at low humidity at room temperature for a period
exceeding two years. Regular measurements demonstrated that graphene QHR standards allow
for the realization of the ohm with an accuracy of nQ2/Q at a low magnetic field of B=4.5T, a
high current of | = 232.5 pA, and a temperature of T = 4.2 K, simultaneously. Meanwhile,
repeated high-accuracy measurements demonstrate the robustness of the QHR standards over
multiple cool-down cycles and their long-term stability over several years. In particular, we
demonstrate that the quantized resistance remains stable within an accuracy of nQ/Q over a
period of 2.5 years to date. Furthermore, this level of accuracy has been maintained without any
indication of degradation, even after undergoing long-distance transport between the
Physikalisch-Technische Bundesanstalt (PTB) and the International Bureau of Weights and
Measures (BIPM).

The final chapter, Chapter 8, presents a summary of the main results, alongside concluding

remarks and an outlook.
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Chapter 2. Theory and concepts

2.1 Crystal and electronic structure

Graphite is a crystalline form of the element carbon, which is composed of a layer-by-layer
structure of graphene. The three-dimensional (3D) structure of graphite is held together by weak
interlayer van der Waals forces, including some electronic delocalization. The macroscopic
properties of graphite are determined by the crystal's covalent bonds. The ¢ bonds are in the
plane of the graphene sheet. Within each layer, the carbon atoms are arranged in a honeycomb
lattice connected by the in-plane sp? o-bonds. The 7 bonds are perpendicular to the graphene
sheet. Above and below the layer, z-bonds are formed that delocalize the electron wave function,
thereby rendering graphite electrically and thermally conductive along the planes. In addition,
these z-bonds facilitate the formation of van der Waals bonds between the layers, which serve
to maintain the stacked configuration. Due to the weak van der Waals force, graphene-like
layers in graphite are easy to separate and glide past each other. Therefore, graphite is used to
make pencils. Since van der Waals bonds originate from induced electric dipoles, the electrical
and thermal conductivities in the direction perpendicular to the layers in graphite are relatively
poor. [54] As will be introduced subsequently in this chapter, graphene is essentially a single
isolated layer of graphite, and bilayer, trilayer, and multilayer graphene is merely a very thin

portion of graphite. [54]

Graphene is a material consisting of a single layer of carbon atoms arranged in a hexagonal
(honeycomb) lattice. The carbon atoms in the lattice are separated by 1.42 A. Each carbon atom
has three nearest neighbors at an angle of =120°, which gives graphene its characteristic
honeycomb structure. Such an atomic structure is characterized by the presence of two types of
bonds and exhibits the so-called planar sp? hybridization. The valence orbitals of the graphene
lattice include the 2s, 2px, 2py, and 2p orbitals, where z is perpendicular to the sheet. Among
the four valence orbitals, the (s, px, py) orbitals combine to form the in-plane o (bonding or
occupied) and o+ (anti-bonding or unoccupied) orbitals, which are with respect to the planar
symmetry. The ¢ bonds are strong covalent bonds that are responsible for the majority of the
binding energy and the robustness of the lattice structure in a graphene sheet (Fig. 2.1a-
b). [20,55] The remaining p, orbital, pointing out of the graphene sheet (Fig. 2.1a-b), is odd
with respect to the planar symmetry and cannot couple with the o states. The lateral interaction

with neighboring p; orbitals results in the formation of delocalized n (bonding) and =* (anti-
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bonding) orbitals (Fig. 2.1a-b). [20] The n-band emerges from tunneling between the unaffected
p; orbital, which is perpendicular to the planar structure. Since each p, orbital has one extra
electron, the rn-band is half-filled. The bonding n- and anti-bonding carbon m*-orbitals form
wide electronic valence and conduction bands (Fig. 2.1c), which cross the Fermi level at high-

symmetry points in the Brillouin zone of graphene. [20,55]

obond = bond

omduction band

Figure 2.1 lllustration of the carbon valence orbitals (a): the three o orbitals in graphene
and the m orbital perpendicular to the sheet. The o bonds in the carbon hexagonal
network strongly connect the carbon atoms and are responsible for the binding energy
and the elastic properties of the graphene sheet. The it bonds are perpendicular to the
surface of the sheet. (b) 6 and m bonds in graphene; (c) graphene n- and m*-band
structure. Adapted from Ref. [3,55]
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The graphene plane is a hexagonal lattice with two atoms per unit cell (A and B) and a basis
defined by the vectors (‘a;, a; ). The graphene lattice in real and reciprocal (momentum) space

can be seen in Figure 2.2 (a) and (b), respectively. The distance of adjacent carbon atoms is acc

= 1.42 A, and the lattice constant is a; = a; = v3acc = 2.46 A. The real space unit cell can be

described by lattice vectors:
I_Cl_fl = |a_2)| = \/Eacc

a; = \/gacc <§'%> (2.1)

The reciprocal lattice of graphene is given by:

2T

b= (1V3), b= (1,3)  (@2)

3

b —

. ®
Yy

|d1| = |da| = VBacc

61 - \/30CC (\/3, ])

3a;;

2°2

d, = V3acc (?,—%)

Figure 2.2. Basis vectors in the hexagonal lattice of graphene (a) and the corresponding

Brillouin zone (b). The reciprocal basis vectors read: E=b@§) and b, =

b G—?) with b = 41 /a3, where a = v3a,, and ac = 1.42 A is the carbon-

carbon distance in graphene. Adapted from Ref. [55]

Graphene is a semi-metal with linear energy dispersion around the Dirac point due to its 2-
dimensional honeycomb structure. [5] This makes the material behave differently from
conventional semiconductors and, therefore, opens new avenues for revolutionary applications,

such as RF devices, sensors, and highly accurate metrology. [4]

One model to derive the electronic band structure of graphene is to use the tight-binding
approach. The tight-binding Hamiltonian for electrons in graphene considers that electrons can
hop to both nearest- and next-nearest-neighbor atoms. [20] The energy bands derived from this

Hamiltonian have the form:
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E,(k)=+n /3 +f(k)  (23)

where

f(k) = 2 cos(vV3kya) + 4 cos (? kya> cos (; kxa) (2.4)

The value ro can be derived from the first principle calculation [56,57] and has been
experimentally determined to be 3.38 eV [58]. In theory, the Fermi level of graphene is exactly
at the Dirac point. The DOS below the Dirac point are fully filled, while those above the Dirac
point are empty. Graphene is thus a zero-band gap semi-metal, with the Fermi level located at
the intersections between the valence and conduction (= and ©*) bands, which are located at the
K and K’ points in k-space. In reality, the existence of charge impurity below the graphene
lattice or/and defect in the lattice can move the Fermi level above or below the Dirac point.
Thus, graphene is not neutral and exhibits n- or p-type conductivity due to the free electrons or
holes at the Fermi level.

2.2 Low-energy spectrum

The results from the tight-binding model are particularly interesting close to the K and K’ points
in reciprocal space, where the energy dispersion is E « k, in contrast to E « k? in conventional

electrical semiconductors. Around these K, K* points, the energy dispersion of carriers is similar

to that of ultra-relativistic particles with zero rest mass m,, E(E) = Jméc* + c2h2k? = chk.
Under these conditions, the Schrédinger equation for Bloch electrons reduces to the 2D Dirac
equation. The Dirac equation is thus used to describe the behavior of carriers, massless Dirac
Fermions, around the K, K' points, which are also called Dirac points.

Considering the electronic energy near the Dirac point, equation 2.4 can be transformed using
a Taylor expansion around the K points using k = K + g with |g| << |K|. The higher order terms
0 = g?/K? is very small and thus can be ignored, resulting in a linear dispersion relation between

the energy Ex and the wavevector g,

Ey = hvelq|  (2.5)

10E

Where q is measured from the Dirac points, vy is the Fermi velocity vy = PETY which is

approximately v = 10° m/s. [58] The linear dispersion of graphene can derive the relation
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that dE /dk = +hvg, which indicates that the charge carriers are massless Dirac fermions and
travel at a constant speed. In the reciprocal space kdk = |E|dE (hvg)?, therefore the density of

states (DOS) near the Dirac points can be calculated as,

|E|
D E) = —_— 2.

where g, = g, = 2 representing spin (up and down) and valley (K and K*) degeneracies. The
DOS is linear with energy. No states exist at the Fermi level in an ideal and intrinsic graphene

sample. In reality, this is not true because of the present of disorder in the system.

The Fermi energy of graphene can be derived from the DOS in Equation 2.6. Below the Fermi
energy, the states are occupied. The carrier density n in the energy range can be calculated by

the equation below,
n= j DOS(E)f(E)dE (2.7)
0

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 Er, zero otherwise), and the

upper energy limit of the integral becomes the Fermi energy Er. Thus, the carrier density is:

E

e G

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

EF = waﬁ (29)
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2.3 Magnetotransport in graphene

2.3.1 Classical Hall effect

v

I/Il

Figure 2.3 The schematic of the Hall effect for an n-type semiconductor. In the
presence of a magnetic field B, perpendicular to the applied current Ix, electrons are

deflected to the left side under the influence of the Lorentz force.

The Hall effect is a fundamental phenomenon in solid-state physics that provides valuable
insights into the electronic properties of materials, particularly semiconductors. The classical
Hall effect arises when a current-carrying conductor is subjected to a magnetic field
perpendicular to the current flow. [59] A schematic of the Hall measurement for an n-type
semiconductor is depicted in Figure 2.3. In the presence of a magnetic field perpendicular to
the applied current, the electrons are deflected under the influence of Lorentz force, F =
qv X B. As a result, an electric field perpendicular to both the current direction and the
magnetic field develops, generating a voltage difference across the material. This voltage
difference is referred to as the Hall voltage Vn. The Hall voltage can be described by the

following equation:

1 L.,B
Vi = Yoy = =1 = (210

Where V4 is the Hall voltage, I« is the current flowing through the sample in the x direction, B;
is the magnetic field in the z-direction, ne is the electron concentration, e is the elementary
charge, and t is the thickness of the sample. Under these conditions, the resistivity of the sample
takes a tensor form, being different in the direction parallel or perpendicular to the direction of
the current. For a 2D conductor, the 2D resistivity is p2p = pap/t. p2p has the same dimensions
as the 3D resistance (€2). In order to avoid confusion, the units of pop are usually explicitly
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written as Q / (L/W) = Q/square. Sometimes, the words resistance and resistivity for 2D samples
are used indistinctly. Therefore, in the 2D material, the transversal resistance Ryy can be

expressed as

Vey B
Ry =—-"2=—"2 (2.11)
I, nge

Where ns = nt is the sheet carrier density in 2D geometry. The term 1/nse is known as the Hall
coefficient Ry. The Hall coefficient Ry is a material-dependent parameter that characterizes the
strength and nature of the Hall effect. For semiconductors, the Hall coefficient can be expressed

as:

1
Ry=— (212

The longitudinal resistivity of the sample px is independent of the magnetic field. It can be
obtained by measuring the voltage developed along the direction of the current and considering

the geometry of the sample (length L and width W).

W Vix

=—— 2.13
L L, ( )

pxx

Equation 2.12 shows that the Hall coefficient depends on the carrier concentration. In practice,
the polarity of V1 determines the sign of the charge carriers. Therefore, the Hall coefficient can
provide valuable information about the charge carrier type and concentration in a

semiconductor material. A Hall measurement can also determine the carrier mobility ,

n=1/(nep)  (2.14)

In our classical model of the Hall effect, free charge carriers are considered a single type of

charge carrier.
2.3.2 Integer Quantum Hall effect

From classical considerations, the transversal resistance pyy depends linearly on the external
magnetic field B (Eq. 2.11), while the longitudinal resistance pxx is a constant. The classic Hall
effect picture breaks down when working with a high mobility, 2D system at low temperatures
and in strong magnetic fields. [34] This is not the case for the high mobility of 2D systems at

low temperatures and strong magnetic fields. Oscillations in px (B) and steps in pxy (B) are
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observed; the former are called Shubnikov-de Haas oscillations, and the latter is the quantum
Hall effect.

In 1980, Klaus von Kilitzing discovered the quantum Hall effect (QHE) in two-dimensional
electron systems subjected to low temperatures and strong magnetic fields, in which the Hall
resistance Rxy exhibited steps that take on the quantized values, while simultaneously the
longitudinal resistance pxx drops to zero. Figure 2.4 shows a typical resistance measurement on
a GaAs/AlGaAs sample. Steps and plateaus in the transversal resistance occur at universal
values of pxy, = h/ve?, with h being the Planck constant, e the elementary charge, and v the integer.
In the theory of integer QHE [60], the resistance of plateaus is related to Rk divided integer v.
The integer QHE has been observed in the monolayer of graphene at room temperature. [61]

15 ‘ ‘ 5

12 f f 4

9 f f 3
e i ? o
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0 2 4 6 8 10 12
B (T)

Figure 2.4 QHE Measurements of the Hall resistance Ryy and the longitudinal
resistance Rxx for a GaAs/AlGaAs heterostructure at a temperature of 2.2 K.

An important property is the high accuracy of measurements of Ryy at the plateaus. This leads
to the value of the quantum Hall resistance at filling factor 1 to be chosen as resistance standards,
named the von Kilitzing constant Rk. In 1990, the value of this constant was fixed at Rk-go =
25812.807 Q by the International Committee for Weights and Measures (CIPM). Since 2019,
the revised Sl units defined the von Klitzing constant Rk as directly connected to the Planck
constant h and the elementary charge e, Rk = h/e?. [62] Its value is,
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6.626 070 15 x 1073*J - S

Ry = — 25812.8074593045..0 (2.1
K™ (1.602 176 634 x 10-1° C)2 5812.807 459 3045 (2.15)

2.3.3 Landau level
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Figure 2.5 In the absence of disorder, the broadening of Landau levels presents in
graphene and conventional 2D GaAs/AlGaAs heterostructures. Quantized cyclotron

motion leads to the formation of Landau levels in the DOS. Adapted from Ref. [44]

The QHE can be understood as a consequence of Landau quantization. [63] The quantum
effects become visible in the subject of low temperatures and high magnetic fields. In a strong
magnetic field perpendicular to a plane, in-plane electrons with a constant velocity move in
circular orbits. As the magnetic field increases, the size of the cyclotron orbit shrinks and
becomes comparable to the electron wavelength. If the electron mobility is high enough, the
electron motion can complete some specific cyclotron orbits, and the length of the orbits is
equal to an integer number times the electron wavelength. Thus, the energy of the electrons and
the frequency of the cyclotron orbits are quantized. Quantized cyclotron motion dramatically
modifies the density of states (DOS) by breaking it into discrete levels, the so-called Landau
levels (LLs), which are the allowed energies for cyclotron orbits under quantizing
conditions. [44] Figure 2.5 presents the formation of LLs in the DOS in graphene and

conventional 2D GaAs/AlGaAs heterostructures.
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For non-relativistic fermions such as in GaAs/AlGaAs heterostructures, the LLs are equally
spaced with a spacing of % times the semiclassical cyclotron frequency wc, which is linearly
dependent on B as shown in Figure 2.6(a). The corresponding energy eigenvalues are

E —(N+1)heB—(N+1)fL 2.16
N — 2 m*_ 2 a)C (' )

where N=0, 1,2, 3 ...., and the cyclotron frequency is defined as wc = eB/m”. Therefore, the
energy of the cyclotron motion is quantized. These quantized energy levels are known as LLs,
and N is the LL index.

In theory, each LL is a heavily degenerate delta function in the DOS without energy broadening.
In real samples, the presence of disorder broadens the delta function of the LLs, as shown in
Figure 2.5. Due to the LLs broadening, localized and extended states have been formed. [64,65]
When the Fermi level is located in the extended states, electrons in the bulk can flow from one
contact to another contact in the states, and the backscattering is inevitable, resulting in the
longitudinal resistance in QH measurement. When the Fermi level moves from the extended
states to the localized states, electrons in the bulk cannot flow in these states. Only the edge
states allow for the current flow without backscattering in transport, resulting in zero

longitudinal resistance and quantized Hall resistance.

GaAs/AlGaAs 2DES Monolayer graphene
Eg

(a) 300
250 4

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
B(T) B(T)

Figure 2.6 Landau level spectra of (a) GaAs/AlGaAs 2DES and (b) monolayer
graphene with Landau index N from 0 to 6.

For graphene, the LL spectra and integer numbers exhibit different behaviors in conventional

2D semiconductors and graphene. The Landau levels of graphene at each Landau index N

increase linearly with the v/B. Due to the distinct electronic structures and dispersion relations,
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the charge carriers are massless Dirac fermions in graphene. The Landau level spectrum in

graphene is given by,
E, = viV2heBN = VNhw!, (N =0,1,2,3...) (2.17)

where

, B
W, = Vf ? (218)

is defined as the cyclotron frequency for massless Dirac fermions.

In contrast to the conventional 2D semiconductor case, the Landau levels of graphene have

three important features. (1) As mentioned above, the Landau levels at each Landau index N

depend on the magnetic field as E,, o« /B, instead of E,, < B in conventional 2D semiconductor

case. (2) The energy difference between the Nth and the (N+1)th levels are unevenly distributed
in graphene, AE;;, < (VN + 1 —+/N)V/B. Therefore, the most significant energy separation

exists between the 1st and the Oth Landau levels. However, the energy difference is equidistance
in conventional 2D semiconductors, AE;; o« B. (3) The Oth Landau level always has zero
energy, which is independent of magnetic fields. The states in the Oth Landau level are equally
shared by electrons and holes. Therefore, this special zero-energy Landau level is only two-fold
degenerate (spin). All these features are consequences of the unique nature of massless Dirac

fermions in monolayer graphene. [5,54]

In the above, we discussed the Landau level spectrum in graphene and conventional 2D
GaAs/AlGaAs heterostructures. In high magnetic fields, the DOS in energy exhibits a different
distribution in zero magnetic fields. In the quantum regime, the DOS at each Landau level is a
function of the magnetic field B. The available states N.. per area in each Landau level is

described as,

eB

®, hje

In Equation 2.19, @ is the total magnetic flux through the sample, which is B. @, =h /e is the

guantum of magnetic flux. Thus, the states pre-area in each Landau level are obtained by &/adq.

At a given electron (holes) density ns, the states pre-area in each Landau level N can be
calculated from the magnetic flux density (magnetic field B). The number of filled Landau

levels, a dimensionless quantity known as the filling factor v, can be calculated by Equation,
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Considering the Landau level degeneracy, the GaAs/AlGaAs heterostructures have two-fold
degeneracies, gs = 2, and the filling factor v = 2(N + 1). Factor 2 comes from spin up and spin
down degeneracies. In monolayer graphene, the filling factor is v = 4(N + 1/2). The four folds
degeneracies at Landau index N =1, 2, 3... corresponds to the spin and valley degeneracies, gs
=g, = 2. At Landau index N = 0, graphene only has 2-fold spin degeneracies, and there is no
valley degeneracy at N = 0. [66] Thus, the energy of charged electrons (or holes) in a high

magnetic field is quantized into highly degenerate Landau levels.
Assuming the electron fully filled the Nth Landau level, the charge carrier density for

GaAs/AlGaAs heterostructures is,

B 2eB

/e

The carrier density for graphene is,

_N4B+ZB_4eB(N+1) 227
=N e T hie T Tk 2 (2.22)
The quantum Hall plateaus at filling factor v=0, 2, 6, 10, ...... is the fingerprint of monolayer

graphene and can be used experimentally to prove that electronic transport occurs through a

single graphene layer.

When the Fermi level lies in a gap between two Landau levels and the Landau levels below the
Fermi level are fully occupied, the filling factor v in Equation 2.20 must be an integer. Thus,
the carrier density is ng = vN;;. If we substitute this carrier density into the classical Hall effect

Equation 2.11, we find that pxy is quantized as

B B

h
=—= =— 2.21
Pxy eng evN, ve? (221)

Maxima in pxx are observed every time the Fermi level crosses the center of a LL; plateaus in
pxy and vanishing pxx are observed whenever the Fermi level lies in the middle of two LLs,

pinned by localized states. [44]

22
https://doi.org/10.7795/110.20250327



3.1 Epitaxial graphene growth

Chapter 3. Experimental techniques and instruments

3.1 Epitaxial graphene growth

Three main methods exist to fabricate monolayer graphene: mechanical exfoliation from
graphite, chemical vapor deposition (CVD) on metal foils, e.g., copper substrate, and epitaxial
growth on SiC substrate. The mechanical exfoliation process is limited to the production of
graphene sheets in micrometers and arbitrary geometry, rendering it unsuitable for the mass
production of graphene-based electronics in industry. The transfer process to an insulating
substrate will introduce additional defects. The CVD synthesis on metal foils is notorious for
non-uniformity, including grain boundaries and polycrystalline structures. This makes it
challenging to scale for commercial use. Prior to the device fabrication, the graphene on the
metal substrate must be transferred to an insulating substrate. This process is not straightforward
for the fabrication of graphene devices, and it can result in contamination and degradation of
graphene. [67] Thus, the transfer process of graphene is a significant obstacle for graphene
QHR standards to achieve high accuracy on the level of n€)/Q, which is essentially required for

the application of resistance metrology.

To develop practical graphene QHR standards, the preferred method presented in this thesis is
epitaxial growth on a semi-insulating SiC substrate. Epitaxial graphene grown on the semi-
insulating SiC substrate is advantageous for device fabrication because it eliminates the transfer
process. This method utilizes the thermal decomposition of the SiC substrate to produce a
monocrystalline graphene layer over an entire wafer. [29,68] This enables readily mass
fabrication of large-scale electronic devices without significant deterioration or contamination,
as demonstrated in Chapters 4 and 5. All graphene QHR devices presented in this thesis were

fabricated from epitaxial graphene grown on the Si face of semi-insulating 6H-SiC.
3.1.1 Growth setup

This thesis employs a horizontal inductively heated quartz tube reactor [69] to grow epitaxial
graphene on a semi-insulating SiC substrate by thermal decomposition of SiC. Figure 3.1
presents the graphene growth setup in the cleanroom. All the graphene presented in this thesis
were grown by the setup. The cylindrical graphite susceptor at the center of the inductive coil
IS subjected to an induction heating system, acting as a sample holder for the graphene and
dummy samples. As shown in Figure 3.2, the SiC substrates (10 x 5 mm?) are positioned within
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3.1 Epitaxial graphene growth

the sample pocket of the susceptor. In this configuration, the primary samples are surrounded
by dummy SiC samples to mitigate the potential influence of the susceptor’s sidewall at
elevated temperature annealing. During a single growth cycle, at least three pieces of graphene
(10 x 5 mm?) can be processed within the susceptor. This setup can grow large-scale and high-
quality epitaxial graphene with high reproducibility.

. 1”.,“;“‘.
[

Figure 3.1 The horizontal quartz tube reactor setup is used for epitaxial growth of
graphene on SiC.

The growth process requires a high vacuum up to 10" mbar, controllable high temperatures up
to 1950 °C, and reliable gas flow. The vacuum system comprises a scroll pump and a turbo
molecular pump, which can achieve a 10" mbar pressure within the well-sealed quartz tube.
An induction heating system with a maximum power of 11 kW is used to reach the desired
growth temperature. An automated control system is designed to regulate the set-point
temperature and actual temperature by controlling the furnace’s heating power. [70] The
temperature inside the susceptor is continuously monitored through a pyrometer during the
growth process because accurate control of the growth temperature is essential for the growth
process. An insulation layer of graphite surrounds the hot susceptor, reducing the thermal stress
on the quartz glass cylinder, which is actively cooled with ambient air from the outside by a
radial fan. A control system based on National Instrument LabView controls the gas flow,
pressure, temperature, valves, and pumps. Argon (Ar), nitrogen (N2), and a mixture of
argon/hydrogen (95 % Ar and 5 % H>) are three distinct gases that can be directed via disparate

inlets to the chamber. The flow rate of the gases can be managed through mass flow controllers.
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Figure 3.2 (left) The image of graphite susceptor and SiC substrate (10 x 5 mm?) for
growth. Dummy samples in the pocket surround the SiC substrates. (right) After the
epitaxial growth, the entire SiC substrate is covered by monolayer graphene.

3.1.2 Polymer-assisted sublimation growth method

Epitaxial graphene in this study was grown on semi-insulating 6H-SiC substrates provided by
[1-VI Comp. The company is known for providing high-quality and low-miscut angle SiC. To
achieve epitaxial growth of graphene, it is essential to consider product specifications, miscut
angle, crystal defect density, and deformation. The SiC substrates were chosen to ensure
homogeneous surface properties, with a micropipe defect density below 0.25 cm?, warp below
10 pm, and bow below 5 pum. To prepare for growth, the 4-inch SiC wafer was diced into
rectangular chips (5 x 10 mm?) using a resin bond diamond blade on the carbon face side in the
clean room facility at the PTB [70]. It is important to note that the SiC substrate is a semi-
insulator compensated by vanadium dopants with a resistivity of p > 10° Q-m. The very high
resistance of the semi-insulating substrate prevents free carrier transport through it. This

property is crucial for producing advanced graphene QHR devices for metrological applications.

Monolayer graphene was grown on a semi-insulating 6H-SiC(0001) specimen (5 x 10 mm?)
using the polymer-assisted sublimation growth (PASG) method. [70-73] In this thesis, the
high-quality monolayer epitaxial graphene is obtained by the PASG method. The core idea of
this method is to seed the growth of the surface stabilizing buffer layer with an external carbon
source before the smooth surface morphology is destroyed by step bunching, which often occurs
during high-temperature annealing. To implement this idea, a polymer of the AZ5214E
photoresist is deposited onto the SiC substrate, which supplies additional carbon atoms for the
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graphene growth process and assists in the formation of the buffer layer. The PASG effectively
suppresses the inherent but unfavorable formation of high SiC surface terrace steps during high-
temperature sublimation growth. This is achieved by the rapid formation of the graphene buffer
layer, which stabilizes the SiC surface. The nominal miscut of the SiC wafer from 11-VI Comp.
is about —0.06° towards [1100] crystal direction and almost zero towards [1120] crystal
direction. Sublimation growth is performed in Ar gas at 1800 °C and 900 mbar pressure for 6

minutes.

The process of growing monolayer graphene on SiC involves two steps. First, at high
temperatures, Si atoms sublimate from the SiC crystal, and the carbon atoms assemble into a
first carbon lattice, forming a buffer layer on the substrate. Second, a new buffer layer is formed
under the first buffer layer, which then separates from the bonds of the SiC substrate, resulting
in the first buffer layer becoming a monolayer graphene. [74,75] In summary, monolayer
graphene is formed from the first carbon lattice, while the second carbon lattice acts as a buffer
layer between the monolayer graphene and the SiC substrate. This unique buffer layer is crucial
for the transport properties of the epitaxial graphene on SiC, which we will discuss further in

the quantum transport results.

3.2 Surface characterization techniques

3.2.1 Laser scanning confocal microscopy

Laser scanning confocal microscopy (LSCM) is a useful, fast, and efficient optical imaging
technique, which is widely used in material science, semiconductor inspection, and life science.
Confocal microscopy has higher image resolution compared with conventional optical
microscopes, but its image resolution is less than that of scanning electron microscopy (SEM)

and atomic force microscopy (AFM).

To further understand the principle of confocal microscopy, | briefly introduce the difference
between optical and confocal microscopy. Traditional optical microscopy illuminates the
specimen over a wide area. It captures the reflected light into the eyepieces or detectors,
including the signal from the focused plane of the specimen and the unnecessary light from the
background and fluorescence emission. The unnecessary signal seriously reduces its resolution
and contrast. While LSCM selectively captures the signal from the focused specimen and filters

out unnecessary signals. LSCM can increase the image resolution and contrast of a micrograph
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by using a spatial pinhole to block out-of-focus light in image formation. [76] The confocal
microscopy only illuminates the focal plane of the specimen with a finely focused spot.
Typically, the size of the illumination points ranges from approximately 0.25 to 0.8 micrometers
in diameter (depending upon the objective numerical aperture) and 0.5 to 1.5 micrometers deep
at the brightest intensity. [77]

Figure 3.3 Typical images of (a) pure monolayer graphene, (b) monolayer graphene

with bilayer patches (white area), and (c) monolayer graphene with a buffer layer (dark
spots) in scale of 43 x 43 um? by laser scanning confocal microscopy. The red arrows
indicate the direction along the terraces. The horizontal stripes are the background

signal of the confocal microscopy.

In this thesis, the LSCM is employed to evaluate the quality of epitaxial graphene after growth.
It enables to distinguish the buffer layer, monolayer graphene, and bilayer graphene on a
micrometer scale in a few seconds by the contrasts. Figure 3.3 depicts a typical image of
epitaxial monolayer graphene on SiC. The LSCM image clearly distinguishes the buffer layer
on SiC, the monolayer, and the bilayer graphene by the distinct contrasts. Figure 3.3 (a) shows
a perfect monolayer graphene covered on SiC substrate at a scale of 43 x 43 um? in confocal
microscopy. The uniform color and contrast indicate a homogeneous distribution of the
monolayer graphene across the entire area. Figure 3.3 (b) displays over 98 % coverage of
monolayer graphene in the observed areas. Small white patches are the bilayer graphene. In
these local sites, the graphene growth occurs at a faster speed, thus the bilayer graphene patches
form. Figure 3.3 (c) presents another common occurrence: the co-existence of a monolayer
graphene and a buffer layer. The buffer layer areas are visible as dark spots. This indicates an
absence of monolayer graphene coverage in those areas due to a lower growth speed in those

local spots.
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3.2.2 Atomic force microscopy

Generally, the LSCM technique can only detect the different optical properties of the materials,
e.g., the buffer layer and graphene layer. For higher resolution, it is recommended to use a
scanning probe technique such as AFM. AFM is a basic technique in nanoscopic research and
is frequently employed to display a sample's real space morphology or topography. The AFM
has a similar measurement scale and resolutions comparable to SEM and transmission electron
microscopy (TEM), yet with distinct applications. AFM can provide atomic-scale resolution (<
1 nm) in height (Z - axis) and a few nanometers resolution (<10 nm) in lateral (X - / Y - axis)

directions, depending on the size of the AFM tip.
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Figure 3.4 Typical topography image of monolayer epitaxial graphene, without any
buffer layer and bilayer pitches in the detected area (a) AFM topography (10 x 10 um?)
of a PASG graphene layer grown at 1800 °C for 6 min on a 6H-SiC (0001) substrate
with a small miscut angle of -0.06°. (b) The periodic steps and terraces profile along
the red indication line in (a). The ultrasmooth graphene exhibits periodic step heights
of 0.25 nm and 0.50 nm.

The working principle of an AFM is scanning with a tip (or a probe) in close proximity to the
sample surface. Typically, AFM can be used in two modes: contact mode or non-contact mode.
The contact mode operates at small tip-sample distances in contact or intermittent contact and
measures topography based on the short-range repulsive force, which may damage the tip and
sample. [78] In this study, epitaxial graphene is investigated in the non-contact mode. This
mode measures surface topography based on the attractive force, thereby preventing damage to
the tip or sample. The interaction between the sample and the tip in AFM measurements can be
controlled and limited to very low values, which renders the imaging typically non-destructive.
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This thesis uses AFM to characterize the topography of a single layer of epitaxial graphene on
SiC at the nanoscale level. In principle, a perfect monolayer epitaxial graphene exhibits atomic
steps and terraces in period on SiC substrate, which are fingerprint information of monolayer
epitaxial graphene. Figure 3.4 presents a typical topography image of monolayer epitaxial
graphene in this thesis, without any buffer layer and bilayer pitches in the detected area. The
AFM image in Figure 3.4(a) displays a typical ultra-smooth, bilayer-free graphene layer (10 x
10 um?) on a SiC substrate. Figure 3.4(b) exhibits the periodic steps and terraces profile, which
corresponds to the red indication line in (a). The ultra-smooth graphene on 6H-SIC substrate
has periodic step heights of 0.25 nm and 0.50 nm, corresponding to one and two SiC crystal
layers, respectively. The AFM measurement demonstrates that the monolayer graphene grown

using the PASG method is of high quality and homogeneity on the micrometer scale.

3.3 Device fabrication

3.3.1 Optical Lithography

This study aims to develop practical graphene QHR standards for metrological applications.
The device fabrication process should be cost-effective, efficient, reliable, and reproducible.
More importantly, the nQ/Q accurate QHR device must remain stable over a long period (years)
and be user-friendly for easy access. To meet these requirements, we utilized a fabrication

process based on ultraviolet (UV) lithography instead of electron beam lithography.

As previously described, monolayer epitaxial graphene was grown on a semi-insulating 6H-
SiC(0001) SiC substrates (10 x 5 mm?) using the so-called polymer-assisted sublimation
growth (PASG) method. [71] The SiC wafer from I1-VI Comp. has a nominal miscut of about
—0.06° toward [1100] and almost zero toward [1120]. The Hall bar devices were fabricated in
PTB’s clean room using standard UV lithography, reactive ion etching (RIE), thermal
deposition, and wet etching (potassium iodide solution, MicroChemicals TechniEtch ACI2).
The sequence of the Hall bar fabrication steps is presented in Figure 3.5. To fabricate the Hall
bar, a layer of metal was deposited directly onto the as-grown graphene surface, as illustrated
in Figure 3.5 (a) — (b). The layer comprised a 20 nm PdAu alloy with a mass ratio of 60% Pd
to 40% Au, followed by a 40 nm Au layer. This step aimed to prevent contact from organic
photoresists or contaminants during the microfabrication process. Similar methods have been
described in the literature. [79,80] During high temperature epitaxial growth, the graphene

forms not only on the silicon face of the SiC but also uncontrollably on the side walls and the
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carbon face of the SiC. To fabricate the device for low-temperature transport measurement, it
is necessary to fully etch away the graphene on the edge of the SiC substrate and only retain

the graphene in the Hall channel.

Figure 3.5 (c) - () illustrates the initial UV lithography process. The gold on the edge was
removed by the etchant TechniEtch™ ACI2 (wet etching), and the graphene on the edge was
removed by RIE (dry etching), while the Hall channel was protected with gold. The second UV
lithography process is shown in Figure 3.5 (g) — (i). The Ohmic contacts were formed on the
SiC substrate by evaporating a titanium (10 nm)/gold (100 nm) layer with a small overlap to
the PdAu/Au layer. Figure 3.5 (j) — (1) illustrates the third UV lithography process. The Au was
removed from the graphene Hall channel by wet etching in TechniEtch™ ACI2 solution, while
the Ohmic contact pads were protected with the photoresist. After dissolving the photoresist in

acetone, the fabrication of the Hall bar device was completed, as presented in Figure 3.5 (m).

The Hall bars are 1600 pm in length and 400 pum in width. There are two contact pads for the
source and drain, along with six contact pads for the voltage probes. The distance between the
voltage probes is 400 um. The geometry ratio of the Hall bar width to the distance between two
neighboring contact pairs is 1:1 (w = 400 pum, | =400 pum). The Hall bar is nearly perpendicular
to the terrace steps. The contact resistances for all devices were measured by 3-terminal
measurements at low temperatures (4.2 K) in the quantum Hall regime. The Ohmic contact
resistances were measured to be less than 10 Q, ensuring reliable high-accuracy QHR

measurements. [41]
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Figure 3.5 (a) Monolayer epitaxial graphene on SiC substrate (5 mm x 10 mm). (b)
Thermal evaporation of 20 nm PdAu /40 nm Au on the as-grown graphene surface. The
precious metal layer prevents contact with organic photoresists during the
microfabrication process. (c-d) First UV lithography step for Hall bar definition by
wet/dry etching. (e) Chemical wet etching of the surrounding PdAu/Au layer by
TechniEtch™ ACI2, while the Hall bar channel is protected by photoresist. Afterward,
the photoresist is removed by acetone and isopropanol. (f) RIE etching of the graphene
on the edge and the backside of the substrate, while the graphene below the metal is
protected. The Pd/Au layer forms the Ohmic contact with graphene at the potential
arms and the current contact positions. The contact areas have a finger-like shape. (g-
h) The second UV lithography step is for bond pad fabrication. (i) The bond pads are
formed by thermal evaporation of a 10 nm Ti and 100 nm Au layer with an overlap to
the PdAu/Au layer at the potential arms and current contacts. (j-k) Third UV
lithography step for uncovering the graphene Hall bar channel. (I) Removal of the
PdAu/Au layer on the Hall bar channel by TechniEtch™ ACI2 wet-chemical etching.
(m) Removal of the photoresist by acetone and isopropanol.
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3.3.2 F4-TCNQ molecular doping technique

The as-grown epitaxial graphene exhibits a high electron density of 103 cm2. [29] This thesis
investigated a molecular doping technique using the electron acceptor of the F4-TCNQ
molecule to compensate for the high electron density of as-grown epitaxial graphene. By
precisely adjusting the dopant concentration, the carrier density was freely controlled in a wide
range from the intrinsic n- to the p-type regime. After the molecular doping treatment, the

fabricated quantum Hall devices are ready to use, and no further treatments are required.
Pre-annealing treatments

The as-grow epitaxial graphene on SiC has a very high initial electron density of ~1x10*® cm™
demonstrated by using the Hall measurements and angle-resolved photoelectron spectroscopy
(ARPES) in an ultra-high vacuum. [29] During device fabrication, the wet etching
(MicroChemicals TechniEtch ACI2) process reduces the initial electron density due to the p-
type doping effect of the ACI2 solution. A similar p-type doping effect was reported in the
references. [79,81] Our graphene Hall bar device without any co-polymer encapsulation has an
electron density ~1x10'? cm at 300 K. The electron density at 4.2 K is slightly lower than
~1x10* cm™. For the epitaxial graphene without any encapsulation, the electron density is
slightly decreasing from 1.1x10'2 cm at 300 K to 9.9x10!* cm™ at 4.2 K. This behavior is

consistent with the result in other studies. [82]

To ensure a reproducible and controllable doping process, it is important to keep a consistent
initial electron density in graphene prior to the F4-TCNQ doping process. This was
accomplished by fabricating high-quality epi-graphene using the PASG method [71] and
specific surface annealing procedures. After microfabrication of the graphene QHR device, the
graphene surface was cleaned using two different annealing procedures. For each treatment, the
chamber was pumped to 107 mbar for 12 hours. To investigate the different annealing
procedures, one sample set was cleaned by annealing in a vacuum at 450 °C for 2 hours, and
the other one was additionally annealed in a hydrogen atmosphere (1000 mbar) at 450 °C for
another 2 hours. After the annealing procedures, the doping layer stacks were spin-coated onto
the chip immediately.

Preparation of the dopant blend
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Figure 3.6 Schematic representation of 3D and 2D doping stacks on graphene-based
QHR devices. The dopant blend is a mixture of F4-TCNQ, anisole, and 950 K PMMA.
The copolymer is EL6 (MMA (8.5) MAA). (a) The 5-layer doping stack includes two
layers of dopant blend, which are separated by three layers of copolymer. (b) The 3-
layer doping stack includes one layer of dopant blend and two layers of co-polymer.
The 2-layer doping stack has one layer of dopant blend, which is directly spin-coated
onto the graphene surface without a spacer layer, and one layer of copolymer on top,

which acts as encapsulation.

In contrast to the method of thermally evaporating the F4-TCNQ powder onto the graphene
surface [83], we spin-coat the dopant blend and copolymer layers onto the graphene surface to
tune the carrier density. The dopant blend is a mixture of F4-TCNQ, anisole, and 950K
Polymethylmethacrylate (PMMA) (MicroChemicals). The F4-TCNQ molecule powder was
bought from Sigma-Aldrich. The molecular doping mixture was produced by dissolving 25 mg
of F4-TCNQ powder in 3 ml anisole. [75] By subsequent dilution of a portion of this mixture
in 950K PMMA, four different doping concentrations were obtained with volume mixing ratios
of F4-TCNQ/anisole to PMMA of 1%, 5%, 25%, and 50%. The copolymer layers were spin-
coated on a graphene surface by using EL6 copolymer (MMA (8.5) MAA).

A five-layer doping stack is depicted in Figure 3.6(a). After the pre-annealing treatment, the
doping stacks were spin-coated on QHR devices from the bottom to the top layer sequentially.
After spin-coating, each layer was baked for 5 min at 160 °C (above the PMMA glass transition
temperature) on the hot plate. Finally, twelve Hall bar devices with identical dimensions (5 x
10 mm?) were fabricated in a single graphene chip using UV lithography, as shown in Figure
3.6(a). Following the same recipe, we also prepare the 2- and 3-layer doping stack graphene-

based QHR devices, as shown in Figure 3.6(b).
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SiC substrat®

Figure 3.7 (a) Twelve identical graphene Hall bar devices with index numbers on SiC
substrate (5x10 mm?). (b) Optical microscopy image of a macroscopic Hall bar device
with length L = 1600 um and width W = 400 um. The white line indicates the area of
monolayer epitaxial graphene. (c) The schematic diagram of F4-TCNQ doped
graphene QHR device in Hall measurement. (d) The photo of a real device glued and

wire-bonded on a TO-8 sample holder in optical microscopy.

The QHR devices presented in Chapters 4 and 5 included 5-, 3-, and 2-layer doping stacks. A
very wide F4-TCNQ concentration in PMMA was tested to tune the carrier density of as-grown
epitaxial graphene, including the volume ratios of F4-TCNQ/anisole to PMMA in the doping
layer from 1% to 50%. Detailed information is presented in each chapter. The devices presented
in Chapter 6 are 5-layer FA-TCNQ doping stack structures. The volume ratio of F4-
TCNQ/anisole to PMMA in the doping layer is 25%. The spacer layer is EL6 copolymer
(MMA(8.5) MAA).

3.4 Magnetotransport measurement at low temperatures

Twelve identical Hal bar structures are integrated into one graphene chip. After the device
fabrication and molecular doping process, the chip was diced to obtain twelve individual
graphene QHR standards. Each of them was mounted on its own TO8 chip carrier for
subsequent characterization, including magnetotransport and high-accuracy measurements. The
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graphene QHR standards were stored in a closed chamber with a mixture of N2 and air at room

temperature and ambient pressure.

Chapter 4 focuses on the magnetotransport measurement results of the F4-TCNQ doped
graphene QHR devices. Chapter 5 focuses on the high-accuracy measurement results of the
graphene QHR standards. Chapter 6 focuses on the realization of SI unit ohm under relaxed
conditions. The following techniques were used for the magnetotransport experiment.

3.4.1 Cryogenic and electronic setup

e Cryostats

This section describes the setups for magnetotransport measurements of graphene QHR devices.
To investigate the quantum transport phenomena, the devices need to be cooled down to
cryogenic temperatures and subjected to a perpendicular magnetic field. The cryogenic setups

are used to cool down the device and observe the quantum Hall effect in magnetic fields.

The magnetotransport measurements of the graphene QHR devices were performed in two
different commercial cryostats. The first cryostat is a He flow cryostat with a variable
temperature insert (VTI) from Oxford Instruments NanoScience. Here, temperatures can be
varied from 1.4 K to 300 K. There are two thermometers (Lake Shore Cernox thin film sensors)
in the cryostat to detect the temperature. One is used to detect the temperature in the needle
valve. The other one is installed on the probe and is therefore very close to the sample. This
thermometer can thus be used to detect the temperature of the sample during the cool-down
process. In particular, this cryostat is equipped with a vector magnet in which a 3D-vector
magnetic field can be applied up to 1 T, enabling rotational measurements with a fixed magnetic
field along different planes. In addition, in the z direction (out-of-plane direction) a magnetic
field up to 9 T can be applied. The interior of the cryostat is uncoupled from room temperature
by several vacuum shields, a liquid nitrogen cooling shield (77 K), and a liquid helium cooling
shield (4.2 K), the so-called main bath. The lower temperature (1.4 K) is achieved by controlling
the needle valve and pumping the liquid helium in the sample space. Temperature-dependent

transport measurements were performed on this VTI cryostat.

The second cryostat is a commercial bath cryostat with a superconducting magnet, which can
generate fieldsup to 12 T at 4.2 K. In the bath cryostat, the sample is immersed in liquid helium.
Therefore, the temperature is 4.2 K. This cryostat is integrated into the high-accuracy
measurement system, and the high-accuracy measurements were performed in this bath cryostat.
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e Electronic setup

The QHR devices were glued to standard TO-8 chip carriers and electrically connected using
Al wire bonding. The chip carrier was mounted on a sample rod electrically connected to the
outside of the cryostat and connected to a switch box to further connect the measuring
equipment. Near the chip carrier, the Cernox thermometer was installed so that the real

temperature of the device could be measured.

The standard procedure for Hall measurements is to apply a constant current from the source
(drain) side and to measure the voltage in a four-probe configuration. Magnetotransport
measurements were performed using Keithley 6220 current sources, Keithley 2182
nanovoltmeters, Adret 103A DC sources, and HP 3458A multimeters.

3.4.2 Ohmic contact resistance

For QHR standards in highly accurate measurements, the quality of ohmic contacts is critical.
First, the quality must be high such that the measurements are not affected by the contact
resistance. Second, the contacts must be robust because the quantum Hall resistors which are
routinely used over periods of years must withstand numerous thermal cycles between room
and cryogenic temperatures. [84] A low contact resistance Rc is essentially important for
applications in metrology, where a QHR standard should have contact resistances at least below

10 Q, but ideally much lower, in order to not influence the accuracy of quantization. [41]

(V)
4/
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Figure 3.8 The schematic of a three-point measurement to determine the contact

resistance.

For the graphene QHR standard, the Ohmic contacts were evaporated on the graphene/SiC
substrate using titanium (10 nm)/gold (100 nm) layer with a small overlap to the PdAu/Au layer.
The detailed processes are described in Section 3.3. The contact resistance does not depend on
the current (as long as the current stays below its breakdown value. This contacting technique
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has been very intensely used for resistance standards without showing any time deterioration

over a period of 3 years.

The three-point measurement is used to check the contact resistance in the quantum Hall regime.
The magnetic field B is first adjusted to a value corresponding to the well-quantized Hall
resistance at filling factor 2. The current should be in the same order as that used for the QHR
measurements. For instance, to evaluate the resistance of contact 1, the measuring current is
passed through contact 1 and 8, and the potential difference between contact 1 and 2 is measured.

Therefore, the contact resistance Rc: is determined in this measurement, as shown in Figure 3.8.

The contact resistances of the graphene QHR devices were measured by three-terminal
measurements at low temperatures (4.2 K) in the quantum Hall regime. The graphene QHR
devices are subjected to magnetic fields above 4 T at an applied current of 10 pA. The contact
resistances were checked to less than 1 Q, which is below the recommended maximum value

of 10 Q as given in the guidelines for quantum Hall metrology. [41]
3.4.3 Hall measurements

By Hall measurement in low magnetic fields, the electrical properties of graphene QHR devices,
such as sheet resistance, carrier density, and carrier mobility, can be determined. In this thesis,
Hall measurements were carried out in cryostat at a temperature of 4.2 K to determine the sheet
resistance pxx, carrier density n, and carrier mobility p. The zero-field (B = 0) carrier density n
was calculated from the slope of the Hall resistance curve Ryy (B) in a low magnetic field using
the classical Hall equation n = AB / (e:ARxy). The Hall mobility is then calculated from the zero-

field resistivity oxx and carrier density n, using the formula i = 1/ (e:n-pxx).

3.5 High-accuracy measurements
3.5.1 Principle of current-reversal measurement

The method of current-reversal measurement can measure the longitudinal resistance within the
uncertainty of £2 mQ with an applied current of 50 pA. The longitudinal resistances Ryx = pxx |
/ w were determined from the mean value from the measurement with both current polarities.
Thus, with this technique, thermoelectric effects or any instrumental offsets were safely

canceled, while the information was still available to account for current path-dependent effects.
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Thermoelectric voltages (thermoelectric EMFs) are generated by thermal differences between
the junctions of dissimilar metals. Widely varying temperatures within the circuit can also
create thermoelectric voltages. A few microvolts of thermal voltages can be generated by
temperature gradients in the test circuit caused by fluctuating temperatures in the lab. These
voltages can be large compared to the signal that the nanovoltmeter is trying to measure.
Thermoelectric voltages can cause the following results: 1) instability or zero offset that is
above acceptable levels, and 2) the reading is sensitive to (and responds to) temperature changes.
The latter can be demonstrated by touching the circuit, by placing a heat source near the circuit,

or by a regular pattern of instability.

V) b 7o)
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() )
. N >/ I
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Figure 3.9 The schematic of the current-reversal measurement with (a) positive and
(b) reversal current applied to measure the longitudinal resistance in the quantization

regime.

The current-reversal measurement is a technique to accurately measure a very small resistance
on the level of milliohm. This technique is used to reduce or eliminate thermoelectric voltages.
In this study, all the transport measurements were performed at cryogenic temperatures. The
devices were cooled down to the liquid helium temperature, while the electronic instruments
for the signal detection and acquisition were kept at room temperature. The electronic wires
connected the cold devices and warm electronic instruments. Therefore, there is a big
temperature gradient in the electronic wires, which can cause thermoelectric voltages in the

resistance measurement.
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Thermoelectric voltages can be canceled out by making two measurements with currents of
opposite polarity, as shown in Figure 3.8. With the positive current applied as in Figure 3.8 (a),

the measured voltage is:
Vm+ = 2VE + IRs7 (3.4)

reversing the current polarity as shown in Figure 3.8(b) yields the following voltage

measurement:
Vm- = 2VE — IRs7 (3.5)
The two measurements can be combined to cancel thermoelectric voltages:
Vm = (Vm+ - V- )2 = [(2VE + IRs7) — (2VE — IRs57)]/2 (3.6)
The measured resistance is computed in the usual manner:

Rs7=Vwm/ | (3.7)
3.5.2 Principle of the CCC bridge

A cryogenic current comparator (CCC) is used in electrical metrology to compare ratios of two
electrical currents with the highest precision. This instrument exceeds the accuracy of other
current comparators by several orders of magnitude for the use of high-accuracy measurements
of resistances. The CCC can be considered as an ideal direct current (DC) transformer. The
operating principle is based on the use of the Meissner effect in a superconducting screen which
surrounds current-carrying coils of different turns, and on the use of a Superconducting
Quantum Interference Device (SQUID) as a null detector for the magnetic field near the screen.
Both are based on the effects of superconductivity and therefore require very low temperatures,
typically supplied by liquid helium (4.2 K). For the operation of CCC in resistance bridges,
specially designed synchronized dual current sources are needed.

The simplified CCC bridge circuit for high-accuracy measurement is schematically shown in
Figure 3.10. Two isolated current sources, ‘Master’ and ‘Slave’, separately drive current
through QHR and 100 Q resistors and associated windings N1 and N2 on the CCC. The 100 Q
resistor is a calibrated reference with high accuracy. The most important precondition for a
successful measurement is a stable, reliable, and highly accurate reference resistor. The current
ratio can be set via electronics to a few parts in 108, and this ratio is improved to a level of 1
part in 10 by forming a negative feedback loop from the SQUID sensing the net flux in the

CCC to the Slave current source. When balanced, the reading on the nanovoltmeter is exactly
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proportional to the resistance ratio. [85] The main uncertainty components of the bridge are the
noise of the SQUID sensor, the Johnson noise of the resistors being measured, and the current
and voltage noise of the null detector. These components combine to give a typical
measurement uncertainty of 1 part per billion (ppb) for a measurement time between 5 to 15
min. [85]

Master Slave
Current standard | current
Source resistor | Source

Figure 3.10 Schematic wiring diagram of the CCC resistance bridge used for the
precision quantum Hall measurements. The voltage AU is the difference between the
Hall voltage of the QH device and the voltage across a 100 Q reference resistor, which
was calibrated against the quantized value Rk/2 of a conventional GaAs-quantum Hall
resistance standard. The QH device and the CCC are cooled to cryogenic temperature
of 4.2 K, indicated by a light blue rectangle. The 100 Q resistor (reference resistor) is
kept at a constant temperature close to room temperature. Uncertainties attached to the
reference resistors are considered in the type B uncertainty of the resulting QH

resistance values. Adapted from Ref. [51]

In principle, the value of the quantized Hall resistance is exactly h/ve? when the magnetic field
is set to integer filling factor v. However, in practice, many possible effects can cause the Hall
resistance to deviate from exact quantization. Unwanted dissipation in the QHE is the main
factor that causes the deviation. [85] For instance, if pxx is not exactly zero, the Hall device is
not in the non-dissipative state, and Rxy will deviate from exact quantization. Also, if the contact
resistances of the graphene are too large (typically > 10 Q), excessive dissipation will occur at
the contacts, resulting in errors in Ry. Over the last two decades, the metrological community
has evaluated all possible errors in the QHE and composed a set of experimental guidelines for
the measurement uncertainty smaller than 1 ppb. [41,84] In this thesis, the high-accuracy
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measurements of the graphene QHR standards were performed following the established

guidelines. [41]
3.5.3 High-accuracy measurements

The graphene QHR standards are cooled down using a commercial He-4 bath cryostat with a
magnetic field of up to 12 T and a temperature of 4.2 K. The high-accuracy measurements of
the graphene QHR standards were performed through indirect comparison with a well-
characterized GaAs QHR standard via an intermediate 100 Q resistor. The traceability to the
quantized value Rk/2 of the GaAs QHR standard allows for precise determination of the
quantum Hall resistance Rxy of the graphene device under test [86], where Rk = h/e? is the von
Klitzing constant. The Hall resistance Rxy were carried outat T = 4.2 K and | = 38.7 PA using
a commercial cryogenic current comparator (CCC) resistance bridge from Magnicon GmbH.
The balancing of the bridge is realized by compensating for the current-induced magnetic flux
of both arms of the CCC bridge, which is detected by a sensitive DC SQUID in a cryogenic
environment. The remaining Hall voltage difference AUn is a direct measurement of the
deviation from the Rk/2 value, as shown in Figure 3.10. The Hall resistance Rxy was determined
by the CCC bridge. The relative deviation (Rxy — Rk/2) / (Rk/2) of the QHR value from the
nominal resistance value Rk/2 has a typical accuracy of = 2.5 nQ/Q (k = 2) , which is limited
by the calibration and stability of the 100 Q resistor. For the current-dependent measurements
at 1 = 155.0 and 232.5 pA (highest accessible currents in the setup), an intermediate 10-kQ
resistor was used in the CCC bridge. The longitudinal resistance px« is determined by two
individual resistance measurements using the CCC resistance bridge. The longitudinal
resistance pxx is calculated as the difference of the Hall resistance of diagonal and orthogonal

contact pairs. [86]
Statistical Analysis

In the case of the precision QHR measurements using the CCC resistance bridge, combined
extended type A and type B uncertainties (k = 2) were considered. Table 3-1 summarizes the
uncertainties involved in Ryxy measurements with the CCC bridge. The typical type A
uncertainty of the bridge voltage difference is < 0.6 nV/V (< 0.2 nV/V) for the typical total
measurement time of 5 min (15 min) with a sample count/number of measurement cycles of N
= 12 (N = 48). The combined uncertainty assigned to the calibration value of the 100 Q
reference resistor is about 1.21 nQ Q. The mean value and the standard deviation (Type A

uncertainty) are calculated by the measurement bridge software. Typical combined
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uncertainties (type A and B) of the bridge are 1.25 nQQ™* (k = 1) and combined expanded
uncertainties of 2.60 nQ Q* (k = 2). The main contribution to type B uncertainty arises from

uncertainties attached to the 100 Q reference resistor. [50]

Table 3-2 summarizes the sources and contributions of uncertainties for Rxx measurements with
the Magnicon CCC resistance bridge. The longitudinal resistance measurements with the CCC
are determined from the difference of two individual Hall measurements with N = 12
samples/measurement cycles. A type B uncertainty due to the drift of the 100 Q resistor is 6.5
uQ. The resulting combined expanded uncertainty of the longitudinal resistance is typically
about £18.0 uQ (k = 2) for measurements inside the resistance plateau (Rxx = 0) where the noise
level is low.

Table 3-1. Uncertainty sources and their contributions for Rxy measurements with the CCC
resistance bridge.

Quantity i Unc. type ui nQ/Q
Typical stability of 100 Q resistor calibration value (k = 1) B 1.17
Typical type A measurement uncertainty of 100 Q resistor (k = 1) A 0.30
Syst. Errors of CCC for measurement chain Rxy-100 Q-reference B <0.10
QHR (k=1)
Typical type A measurement uncertainty of Ryy (K = 1) A <0.55
Typical combined expanded uncertainty of Ryy (kK =2) C <2.60

Table 3-2. Uncertainty contributions and sources for Rxx measurements with the CCC
resistance bridge.

Quantity ¢ Unc. type  ui pQ
Type B uncertainty due to 100 Q reference resistor drift (k = 1) B <6.5
Typical type A measurement uncertainty (k = 1) A <95
Typical combined expanded uncertainty of Rxy (K = 2) C <18.0

3.5.4 Definition of deviation regime and quantization regime

Due to the Fermi level pinning in epitaxial graphene, the epitaxial graphene exhibits a very
wide Hall plateau (v = 2) in magnetic fields. This thesis presents high-accuracy measurement
results that identify a deviation regime and a quantization regime in the wide Hall plateau,
which were not previously discussed in graphene- and GaAs-based QHR standards in the

literature. The investigation of the deviation regime in the Hall plateau is important for further
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understanding of the QHE in epitaxial graphene and its application to resistance standards. In
the deviation and quantization regimes, the longitudinal resistances exhibit a minor difference
in the level of micro-ohms, which is identified through high-accuracy measurements. The minor
difference in the longitudinal resistance is used to distinguish the boundary between the
deviation and quantization regimes. This definition was applied to all the high-accuracy

measurements of the graphene QHR standards discussed in Chapters 5 and 6.

The QHE theory states that the quantum Hall resistance Rxy in a magnetic field corresponds to
zero longitudinal resistance. Consequently, the reliable determination of the quantum Hall
resistance can be realized through the measurement of zero longitudinal resistance. In this study,
we thus determine the so-called “quantization regime” using the criterion |pxd = 0 pQ within
the uncertainty of + 18.0 uQ (k = 2), ensuring a relative deviation of Ryxy from Rk/2 with an
accuracy of (Rxy - Rk/2) / (Rk/2) < (2 + 3) nQ/Q (k = 2). The determined criterion is in
accordance with the recommended guidelines for the use of GaAs QHR standards. [41] |px{ =
0 pQ is a rather conservative criterion to determine the quantization regime. For a given QHR
standard with a small s parameter, the relative deviation (Rxy - Rk/2) / (Rk/2) could still be within
(2 £3) nQ/Q in metrology, even though the longitudinal resistance increases to a few hundred
pQ, which will be discussed in Chapter 6. The measured value of the relative deviation (Rxy -
Rk/2) I (Rk/2) serves as a parallel experiment to evaluate the quantization accuracy of the QHR
standard. The quantization regime can be validated by the measured value of (Rxy - Rk/2) /
(Rk/2).

It is imperative to underscore the following points. 1. The method of measuring the longitudinal
resistance pxx is independent of the accuracy of the nominal well-characterized GaAs QHR
standard due to its value being determined by calculating the difference between the measured
Hall resistance of diagonal and orthogonal contact pairs. 2. The high-accuracy measurement of
Hall resistance Ryxy is dependent on the accuracy of the nominal GaAs QHR standard, as its
value is compared to the nominal well-characterized GaAs QHR standard via the 100 Q resistor,
as previously mentioned. The aim of resistance metrology is to provide a primary standard that
is not dependent on any other resistance. Accordingly, in this study, a conservative criterion
was selected to determine the quantization regime. The criterion |px] = 0 uQ guarantees the

relative deviation of the Rxy from Rk/2 with an accuracy of < (2 £+ 3) nQ/Q (k = 2).
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Chapter 4. F4-TCNQ Molecular doping in epitaxial graphene

The unique properties of epitaxial graphene grown on an insulating SiC substrate make it
attractive for electronic applications, particularly in the field of quantum resistance metrology.
However, its high intrinsic n-doping and difficulty in controlling its carrier density present
significant challenges for electronic applications. Different research groups used F4-TCNQ
powder to tune the carrier density of epitaxial graphene. However, the doping effect was not
stable because the powder is mobile on the graphene surface in the air. In addition, only n-type
epitaxial graphene was achieved by the deposition of F4-TCNQ powder. In 2019, a research
team at Chalmers University of Technology developed a method to tune the carrier density, in
which the F4-TCNQ powder was dissolved in anisole and mixed with PMMA. The mixture of
F4-TCNQ and PMMA exhibits high doping efficiency and very stable doping properties.

This thesis further developed the F4-TCNQ molecular doping technique to control the carrier
density of epitaxial graphene with high precision and reliability over a very broad range. By
precise adjustment of the concentration of F4-TCNQ in PMMA, the carrier density of epitaxial
graphene has been successfully controlled to the desired values, spanning from intrinsic n-type
to p-type regimes. The transport scattering mechanisms in epitaxial graphene at cryogenic
temperatures were investigated. Based on the experiment and simulation results, a doping
model and an energy band alignment picture were established to explain the molecular doping

process of the F4-TCNQ accumulated on the graphene surface.

The majority of the content in this chapter has been previously published in Ref. [51]. Most of
the graphene films on SiC used in this chapter were produced by Dr. Davood Momeni and Dr.
Atasi Chatterjee. The simulation results presented in Section 4.6 were conducted by Stefan
Wundrack. We would like to acknowledge the fruitful discussion and insightful comment

provided by Prof. Dr. Thomas Seyller on the proposed energy band alignment picture.

4.1 Introduction

Epitaxial graphene is a promising material for the fabrication of future electronic devices due
to its uniform and ordered growth on an insulating silicon carbide SiC substrate. It has excellent
material properties, including high electronic and thermal conductivity. Moreover, it can be
grown on large-scale SiC wafers and processed without the need for transfer to another
substrate. [87,88] The two-dimensional hexagonal carbon lattice has a linear band structure
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(Dirac cone) near the K-point, which enables high mobility of electrons and holes, known as
massless relativistic Dirac fermions. This also allows for the observation of the quantum Hall
effect (QHE) at room temperature. [43] To develop electronics based on epitaxial graphene, it
is crucial to reliably control the carrier density from n- to p-type regimes over a wide range.
This is because as-grown epitaxial graphene has a considerably high n-type carrier density of
up to 10'3 cm. [29] The goal of this chapter is to find a solution to precisely reduce the carrier

density to the charge-neutrality point and further into the p-type regime.

Various approaches exist to reduce the carrier density in epitaxial graphene. These include
traditional substitutional doping, such as metal atom adsorption (e.g., gold or antimony). [89]
However, this method inevitably introduces additional charge impurities, which greatly
increase the scattering centers and negatively affect conductivity. [90] Other methods, such as
electronic gating [91], corona discharge [92], and photochemical gating [93] have also been
reported to reduce carrier density. Molecular doping with acids, such as diluted aqua regia or
nitric acid, in combination with annealing processes [79,81,94] [95], fluorinated fullerenes [96],
and oxygen adsorption [97,98] have successfully reduced electron density. Functionalization of
graphene with chromium tricarbonyl provides a gateless and reversible method for tuning the
carrier density. [99,100] However, most of these techniques do not allow for permanent tuning
of the electronic properties or require adjustment in the user’s laboratory. The stability of doped
graphene layers can be improved by applying passivation layers of PMMA, [93,98]
dielectrics, [101] hexagonal boron nitride layers, [102,103] perylene [104] or glass

encapsulation. [105]

The molecule 2,3,5,6-tetrafluor-7,7,8,8-tetracyan-chinodimethan (F4-TCNQ) is an electron
acceptor, and its electron affinity (~5.35 eV) is much larger than epitaxial graphene (4.3
eV). [96] Previous experiments have demonstrated that the F4-TCNQ molecules significantly
reduces the electron density of graphene through a charge transfer mechanism. [83,106-108]
The FA-TCNQ powder was deposited onto the epitaxial graphene surface by thermal
evaporation. This method reduces the carrier density of epitaxial graphene from its intrinsic
value to the charge neutrality point in the n-type regime. However, the evaporation of F4-TCNQ
powder on the graphene surface does not enable tuning the carrier density beyond the charge
neutrality point towards the p-type regime. [83] Furthermore, the doping effect is unstable due
to the desorption of the F4-TCNQ powder from the graphene surface. [83] Recent
investigations have shown that the combination of F4-TCNQ/PMMA doping stacks on epitaxial

graphene can tune the carrier density to p-type. [109] However, achieving precise tuning of the
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carrier density over a wide range - from the as-grown value to the desired p-type regime -
remains a challenge. This is of great importance for the development of graphene-based
electronic devices. For instance, a graphene-based QHR standard requires optimal carrier
densities on the order of 10** cm=. [110]

4.2 Concentration-dependent F4-TCNQ doped epitaxial graphene

In this section, we investigated the concentration-dependent F4-TCNQ doping in the 5-layer
doped QHR devices. Data from the three groups of chips with different pre-annealing
treatments and F4-TCNQ doping ratios are summarized in Table 4-1. The 1-layer doping stack
is a copolymer layer encapsulated on the graphene surface. The first group of devices was
prepared with the directly spin-coated doping layer without any pre-annealing treatment. The
second group of devices was vacuum annealed before molecular doping. The third group of
devices was annealed in a hydrogen atmosphere before molecular doping, as described in

section 4.4.

Table 4-1. Characteristics of the graphene Hall bar devices with F4-TCNQ concentrations, pre-
annealing treatment, and layers of doping stack. One device was post-annealed at 150 °C for
11 hours in a helium atmosphere after the first measurement. Charge carrier density and
mobility were determined from the magnetotransport measurements at 4.2 K. Adapted from the

reference [51].

Volume Pre- Doping Carrier density ~ Mobility
ratio annealing  stack [cm?] [cm?V-1st
0:100 no 1L 2.40x10% 6670
50:100 no 5L -1.96x10%0 17280
0:100 vacuum 1L 5.83x101 5010
1:100 vacuum 5L 3.61x10% 7280
5:100 vacuum 5L 2.22x10% 8260
25:100 vacuum 5L 9.83x10% 8880
50:100 vacuum 5L 6.69%10° 48090
same device, post-annealed 9.26x10%0 9970
0:100 H> 1L 7.12x10% 4290
1:100 H> 5L 5.32x10% 6290
5:100 H> 5L 2.70x101 4520
50:100 H> 5L 3.17x10%° 24240

47
https://doi.org/10.7795/110.20250327



4.2 Concentration-dependent F4-TCNQ doped epitaxial graphene

Three reference devices were fabricated to determine the initial carrier density of the undoped
graphene (volume ratio = 0:100), which was spin-coated with only one layer of copolymer to
protect the graphene surface. For the reference device without pre-annealing treatment, a very
low electron density (ne = 2.4x10* cm2) was observed from the quantum Hall measurement at
4.2 K due to the aqua regia (a mixture of nitric acid and hydrochloric acid) doping effect during
the device fabrication process. [82,84,95] The other two reference devices were vacuum and
hydrogen annealed, as described above. The higher electron densities of the annealed devices
(ne = 7.12x10* cm?) are attributed to the removal of ambient gas molecules and impurities
from the graphene surface, compared to that of the non-annealed devices. The best cleaning is

achieved by annealing in a hydrogen atmosphere, resulting in the highest electron density.

One device (50% doping ratio, vacuum annealed, 5L) was post-annealed at 150 °C for 11 hours
in a helium atmosphere after magnetotransport measurement (denoted post-annealed in Table
4-1). By post-annealing treatment, the electron density increases from 6.69x10° cm? to

9.26x10%° cm, as presented in Table 4-1.

The concentration-dependent molecular doping in epitaxial graphene has been studied using
low-temperature magnetotransport measurement. Figure 4.1 displays the Hall resistance Ryxy
and the longitudinal resistivity pxx, respectively, as plotted by varying doping ratios on vacuum-
annealed devices. The Hall slope steadily increases around zero magnetic fields, revealing a
reduction of the electron density within the graphene. The findings suggest that the electron
density decreases as the doping concentration increases, indicating successful doping. Table 4-
1 shows the corresponding data. The electron density gradually decreases from the initial value
of n = 5.8x10% cm in undoped graphene to n = 6.7x10° cm? as the F4-TCNQ doping
concentration increases. These results underline the compensating character of molecular

doping.

The Hall plateaus at filling factor 2 are observed at high magnetic fields, as shown in Figure
4.1 (a). As the doping concentration increases, the onset of the plateaus gradually shifts to lower
magnetic fields. At the highest doping level (50 % F4-TCNQ volume mixing ratio), an onset at
=0.2 T is observed (inset of Figure 4.1). The shallow bump at the onset of the Ryy plateau is
related to variations in the Hall angle, causing a minor contribution to the longitudinal resistance.
Even at a temperature of 4.2 K, the v = 6 plateau appears clearly for the weakly doped and

undoped devices.
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Figure 4.1 (a) Standard Hall resistance measurements of the graphene-based Hall
devices with different F4-TCNQ doping mixing ratios (5L doping stack) and one
undoped device. The graphene surface was cleaned by vacuum annealing. The
measurements show a gradual shift of the onset of the Hall plateau with an increasing
doping level. The inset shows the low magnetic field range of the device with a 50%
doping ratio and the resistance plateau starting at about 0.25 T. The shallow bump is
attributed to longitudinal resistance contributions at non-ideal Hall angles. (b)
Measurements of the longitudinal resistivity px of the same device set. Adapted from

the reference [51].

Additionally, with increasing doping concentration, the longitudinal resistivity px = 0 is
observed at the lower magnetic fields in Figure 4.1 (b), which is accompanied by the shift of
the onset of the quantum Hall plateau. Moreover, the highly symmetric B-field dependence of

the p«x and Rxy curves in both magnetic field directions indicates a highly uniform carrier
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density distribution for the different F4-TCNQ doping concentrations in combination with
PASG graphene.

Note that the device with the lowest carrier density does not exhibit a flat pxx minimum,
corresponding to the Hall resistance deviating from the quantized Rxy value, as shown by the
pink curves in Figure 4.1 (b). The significant increase in longitudinal resistance is symmetrical
for the magnetic field directions. The increase in longitudinal resistance is due to the fact that

the Oth Landau band is not completely filled with a very low carrier density. [111]
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Figure 4.2 (a) The electron density n of the F4-TCNQ doped graphene Hall bar devices (5L
doping stack) is a function of the F4-TCNQ/anisole volume concentration in PMMA for both
sample sets (graphene pre-annealing in vacuum and hydrogen atmosphere). The differences at
weakly doping levels between both sample sets indicate the impact of the different initial carrier
densities of the undoped graphene. (b) The compensated carrier density, AN = Nundoped - Ndoped,
shows a sublinear increase as a function of the F4-TCNQ volume concentration. Adapted from

the reference [51].

From the two sets of devices with different doping ratios, we can evaluate the carrier density as
a function of volume ratio (F4-TCNQ/anisole: PMMA). The plots in Figure 4.2 (a) and the data
in Table 4-1 show that by gradually increasing the doping ratio up to 50 %, the electron density
can be reduced by about two orders of magnitude. The semi-logarithmic plot of the data in
Figure 4.2 (a) shows a sub-linear decrease in the carrier density in the graphene layer with
increasing volume concentration of F4-TCNQ. This implies a high doping efficiency of F4-
TCNQ at low concentrations and a moderate doping efficiency at high concentrations. This can
be seen more clearly in Figure 4.2 (b), where the difference in carrier density between the doped
and the undoped devices, AN = Nundoped - Ndoped, 1S plotted as a function of volume ratio. The

corresponding plot in Figure 4.2 (b) shows a logarithmic increase in An. This result reveals a
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4.3 Decisive influence of graphene’s initial charge carrier density

sub-linear behavior of the electron transfer as a function of the F4-TCNQ volume concentration.
Furthermore, the sub-linear behavior indicates a self-limiting effect with increasing doping
concentration. In conclusion, the above results demonstrate a highly reproducible
concentration-dependent doping technique and thus offer a new way to tune the carrier density

of epitaxial graphene easily and reliably.

At low doping ratios, the difference in carrier densities between two sets of devices is due to
the different initial carrier densities, which will be discussed in the next section. This result
underlines the importance of preparation of the graphene surface to obtain reproducible starting

conditions.

4.3 Decisive influence of graphene’s initial charge carrier density

pre-annealing | F4-TCNQ ratio (%)

no |- 0 50
in vacuum  |----- 0| ——50 T
inH,  |----- 0| ——50 |
p-type ]
1 4 1 4 1 4 1 4 1

O 2 4 6 8 10 12
B (T)

Figure 4.3 Comparison of the Hall resistances for differently pre-conditioned graphene
devices without and with 50% volume ratio F4-TCNQ doping. The doping-related shift
of the Hall curves indicates that the initial carrier density has a decisive influence on
compensation doping. Adapted from the reference [51].

Since the F4-TCNQ molecular doping is a compensation doping technique, it is important to
consider the initial carrier density of graphene when using this molecular doping method. The
final adjustment of the carrier density in graphene is determined by both the initial carrier
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4.3 Decisive influence of graphene’s initial charge carrier density

density and the F4-TCNQ doping ratio, as observed in our experiments. For the graphene with
different pre-annealing treatments, spin-coating the same F4-TCNQ doping concentration
(50:100) on graphene leads to distinct final electron densities in graphene. This is demonstrated
by a steeper Hall slope and an early onset of the Hall plateau at lower magnetic fields for the

doped graphene, as shown in Figure 4.3.

The quantum Hall measurements of the devices with the same F4-TCNQ doping ratio but
different initial carrier densities are presented in Figure 4.3. The Hall measurement calculation
clearly reveals that the electron density of the vacuum pre-annealed device (blue curves) with
a lower initial value shifted to a lower final value (from n =5.83 x 10!* cm™ to 6.69 x 10° cm"
2), while the electron density in the hydrogen annealed device (red curves) shifted from a higher
initial value of n =7.12 x 10 cmto a higher final value of 3.17 x 10'° cm™. This is manifested

in a steeper Hall slope and an onset of the Hall plateau at lower magnetic fields.

However, the undoped device without annealing treatment exhibits the lowest initial electron
density. At the same doping concentration ratio, the electron acceptor of the F4-TCNQ
molecule completely compensates for the electron in graphene, leading to a p-type graphene.
Figure 4.3 shows that the Hall slopes of the non-annealed devices change the sign from positive
to negative, indicating that the graphene is transferred from n-type (ne = 2.4 x 10! cm™) to p-
type (np = 1.96 x 10'° cm™) by the F4-TCNQ doping. This comparison highlights the
importance of the graphene pre-treatment and initial carrier density knowledge for controlling
the final carrier density of an F4-TCNQ-doped device.

Furthermore, when examining the absolute compensated electron density in graphene through
the molecular doping process, the value of compensated electron density varies among the three
groups of devices with different pre-annealing treatments. This variation in doping efficiency
may be related to the difference in energy gaps between the Fermi energy in graphene and the
lowest unoccupied molecular orbital (LUMO) in the F4-TCNQ molecule. This comparison
demonstrates that controlling the final carrier density of graphene by F4-TCNQ doping requires

careful consideration of the pre-treatment of graphene and its initial carrier density.

It is worth mentioning that the presented F4-TCNQ doping technique allows the fabrication of
a high-quality p-type epitaxial graphene QHR device for metrological applications. [50] This
IS in contrast to other studies where direct evaporation of F4-TCNQ powder onto the graphene
surface failed to achieve p-type graphene. [83,106,107,112] The studies in the literature have
only observed n-type epitaxial graphene. By the high coverage, F4-TCNQ doping the Fermi

52
https://doi.org/10.7795/110.20250327



4.4 Different doping stacks for the molecular doping

energy saturates at a low value in the n-type regime. The reason could be related to different
initial electron densities or host matrix-related effects. For the high coverage of powder
deposition on the graphene surface, a cluster of atoms becomes non-negligible and inevitable,
which saturates the efficiency of charge transfer doping. Meanwhile, the F4-TCNQ molecules
dispersed in PMMA uniformly distribute on the graphene surface, resulting in a high efficiency

of charge transfer and p-type doped graphene.

4.4 Different doping stacks for the molecular doping

The electron densities of the 3- and 5-layer (3L and 5L) doped devices are presented in Table
4-2. The result of the electron density varying with the doping layers is consistent with that of
varying the F4-TCNQ concentration. The 3L structures exhibit a higher carrier density than the
5L structures at the same F4-TCNQ doping ratio (5:100). This is attributed to a lower amount
of supplied F4-TCNQ molecules in the 3L structure compared to the 5L structure. In addition,
the 3L structure has a thinner dopant stack, which may lead to a higher rate of F4-TCNQ
molecules being lost due to out-diffusion from the dopant stack. As a result, fewer F4-TCNQ
molecules accumulate on the graphene surface, leading to a higher electron density in the 3L

structures.

Table 4-2. Characteristics of the graphene Hall bar devices with 2-layer, 3-layer, and 5-layer
doping stacks. The volume ratio of F4-TCNQ in 2-layer structures is 50:100, and in both the 3-

layer and 5-layer structures is 5:100.

Volume Pre- Doping Carrier density Mobility

ratio annealing stack [cm2] [cm?V-1st]
0:100 vacuum 1L 5.83x101 5010
5:100 vacuum 3L 5.40x10% 6680
5:100 vacuum 5L 2.22x101 8260
0:100 H2 1L 7.12x101 4290
5:100 H» 3L 4.29x101 4390
5:100 H2 5L 2.70x10%t 4520
50:100 vacuum 2L 2.32x101 4260
50:100 vacuum 2L 2.70x10% 6640

In contrast, the 2L structures have a dopant blend layer that is directly spin-coated onto the

graphene surface, followed by a capping layer of copolymer, as illustrated in Figure 4.4(b). The
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results in Table 4-2 indicate that the graphene can be doped with equal efficiency using a 2L

structure, as compared to that of the 3L and 5L structures.

The electron density in the 2L structures is lower than in the 3L structures, which is reasonable
considering the 10 times higher doping volume ratio used for the former. Compared to the 5L
structures (with a spacer layer) that have the same doping ratio (50:100), the 2L structure
(without a spacer layer) exhibits more than 10 times higher electron density. Nevertheless, it is

difficult to calculate the impact of the absence of the spacer layer.

Notably, the 2L and 3L structure devices exhibit mobility values comparable to those of the 5L
structure, which demonstrates that the variation in the doping stack and the presence of a spacer

layer do not negatively impact electron scattering in graphene.

4.5 Transport scattering mechanism in epitaxial graphene
4.5.1 High mobility of epitaxial graphene doped by F4-TCNQ

The impact of the molecular dopant on the electron transport properties can be inspected by
measuring the charge carrier mobility . The Hall mobility was calculated from the measured
zero-field resistivity pxx, using the formula pL = 1/ (e:n- pxx). As shown in Table 4-1, the mobility
is increasing as the electron density decreases. This typical behavior in epitaxial graphene has
been reported in the literature. [79,92,93] [108] [81] [113] In our study, electron mobility up to
He = 48100 cm?/Vs and hole mobility up to pn = 57550 cm?/V's were achieved by molecular
doping, which is in agreement with the literature values and indicates the exceptional quality
of our molecularly doped graphene devices. [81,93] [109] [113] Interestingly, the increase in
mobility was a result of increasing the level of compensation (higher F4-TCNQ concentration),

indicating no severe degradation of the electron transport properties by molecular doping.

According to the calculation of carrier densities in our graphene, we can estimate the upper
limit of the Fermi energy fluctuation near the Dirac point. In the absence of an external gate
voltage, the lowest electron density achieved in the n-type graphene by F4-TCNQ doping is ne
= 6.69%x10° /cm™ (e = 48100 cm?/Vs), and the lowest hole density achieved in the p-type
graphene is nn = -5.99x10%° cm (un = 57 550 cm?/Vs). These data are extracted from the
magnetotransport measurements at 4.2 K, from which the devices simultaneously fulfill the
criteria of linear Ryy (B) at low magnetic fields and a fully developed Hall plateau at v = 2.
These criteria correspond to devices that behave as a single electronic band system with
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spatially homogeneous carrier density. [114-118] Hence, the upper limit of electron (hole)
density fluctuations for the n-type (p-type) graphene doped by F4-TCNQ is calculated as AEF
~ 9.5 meV (AEr ~ 9.0 meV), according to Equation 2.9, Ep = Avgvrn (& the reduced Planck

constant, v the Fermi velocity in graphene).
4.5.2 Long-range and short-range scattering in epitaxial graphene

At low temperatures below 20 K, the mobility is limited by charge impurities (long-range
scattering) and neutral atomic defects (short-range scattering). [119-122] At low carrier
densities, the mobility is dominated by the charge impurity scattering, which is independent of
carrier density. In the case of charged impurities, the carrier mobility is inversely proportional

to the impurity density nimp [122,123]. This can be expressed as follows:

Co

Ue = (4.1)

imp
where Co is a constant. [123] If the impurity density nimp iS not changing, pc is a constant value.
At high carrier densities, the mobility is dominated by the neutral atomic defect scattering,
which is dependent on the carrier density n. The mobility induced by the short-range scattering
is derived by the equation [121,122,124],

where ps is the resistivity due to the short-range scattering. According to Matthiessen’s rule, the
overall mobility at low temperatures is derived by the equation,

pt=pct +neps (4.3)

The F4-TCNQ doping technique enables control of the carrier density of epitaxial graphene
from the n-type to the p-type regime. We systematically investigated the mobility as a function
of carrier density for the n- and p-type devices, as shown in Figure 4.4. Each data point is
extracted from an individual device and a QHE measurement at 4.2 K. As the carrier density is
reduced by F4-TCNQ molecular doping, the electron and hole mobilities increase. However,
the electron and hole mobilities exhibit an asymmetric dependence on carrier density, indicating
the presence of an asymmetric scattering behavior for electrons and holes in epitaxial graphene.
At a carrier density of around 7.0x10° cm™, the electron and hole mobilities are equal in the
experiment data. As the carrier density gradually increases in a wide range from 10° cm™ to
10! cm, the electron mobility is always larger than the hole mobility, and the estimated

55
https://doi.org/10.7795/110.20250327



4.5 Transport scattering mechanism in epitaxial graphene

mobility ratio of electron to hole increases from 1 and 2. At a carrier density of 10! cm?, the

electron mobility is approximately twice that of the hole mobility.
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Figure 4.4 The mobility as a function of carrier density for n- and p-type epitaxial
graphene doped by F4-TCNQ molecules. The transport measurements are performed

at 4.2 K, in which the mobility is limited by the long- and short-range scatterings.

As previously discussed, the charge carrier scattering in epitaxial graphene at low temperatures
is dominated by long-range and short-range scattering. Assuming that the density of the charge
impurities did not change by the F4-TCNQ molecular doping, the data fits well (solid line in
Figure 4.4) to Equation 4.3, in which both long- and short-range scattering are included. In this
model, both pc and ps are fitting parameters that are assumed to be constant. We obtain the pcn
~ 200 000 cm?/Vs (Uee = 75 000 cm?/Vs), and psh = 14 000 Q (pse = 5 500 Q) for hole (electron).
The fitting results indicate that the n- and p-type epitaxial graphene exhibit different long-range

and short-range scattering.

At carrier densities above 1.0x10° cm?, the scattering is dominated by the short-range
scattering, while the long-range scattering is negligible (u.~! « nep; ) in high carrier density
region n > 1.0x10'° cm™. According to the fitting values of psh > pse, the p-type epitaxial
graphene has stronger short-range scattering than that in n-type graphene. The reason is not

clear yet.
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In the low carrier density region (n < 1.0x10° cm), the long-range scattering is the dominant
scattering, while the short-range scattering is negligibly small (u.~* > nep,). According to the
fitting values of charge impurity mobility peh > pee, the p-type epitaxial graphene has less long-
range scattering than that in n-type graphene. The unequal charge impurity mobility of electrons
and holes in epitaxial graphene is a consequence of the unbalanced scattering cross sections for
charged scatterers in a system with 2D relativistic dispersion. [123,125] This theory can be
understood by considering the idea that an attractive potential scatters a charge carrier more

effectively than a repulsive potential. [125]

In as-grown epitaxial graphene, the intrinsic n-type electron density is attributed to p-type
polarization doping induced by the bulk of the hexagonal SiC substrate and overcompensation
by donor-like states related to the buffer layer. [126] The main charge impurities in epitaxial
graphene are the donor-like states, including the Si dangling bonds and interface states in the
buffer layer. The donor-like states are positively charged beneath the graphene layer, which
serves as the attractive potential scatters for electrons and repulsive potential for holes.
According to the theory discussed above, the cross-section for repulsive scatters is less than that
of the attractive scatters. Therefore, the positive charge impurities have less scattering strength
for the hole, resulting in a higher charge impurity mobility for the hole. Our experiment and
fitting results are well explained by this theory model in the literature.

Please note here that the carrier density is tuned by varying the amounts of F4-TCNQ
molecules, which is different from the case of tuning the carrier density using a top metal gate
applying a gate voltage. The latter tunes the carrier density by changing the Fermi level of
graphene, whereas the density of charge impurities below the graphene is not affected by the
gate voltage. The analyses above assume that the density of the charge impurities did not change
by the F4-TCNQ molecular doping. It is also possible that the density of the charged impurities
in epitaxial graphene can be reduced by the F4-TCNQ molecular doping. In this case, both the
charge impurity mobility pc and the carrier density are controlled by the F4-TCNQ doping. In
past studies, it has not been addressed yet whether the density of charge impurity below the

graphene is tuned by F4-TCNQ molecular doping or not.
4.5.3 Temperature-dependent mobility

In epitaxial graphene, the temperature-dependent resistivity can be described by the
model, [82,113,127-129]

P = pPo t Pra+t Prip (4.4)
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4.5 Transport scattering mechanism in epitaxial graphene

where po is the residual resistivity at low temperatures and pia is the resistivity due to

longitudinal acoustic (LA) phonon scattering:

mD3kg

L L2 N 4.5
e2hpsv2vi (4:5)

Pra

with Da = 18 eV being the acoustic deformation potential [82,130], ks the Boltzmann constant,
e the electron charge, # the Planck constant, ps = 7.6x107 kg/m? the two-dimensional mass
density, vs = 1.73x10* m/s the sound velocity, ve = 10° m/s the Fermi velocity, and T the
temperature. The third contribution from the remotely interfacial phonons (RIPs). The low-

energy phonon modes are given by,

3

Prip = Z (exp(El- /CI;iBT) - 1)’ (4.6)

i=1

where C; is the electron-phonon coupling constant and E; is the phonon energy. To fit our data,
we considered three phonon modes of 6H-SiC epitaxial graphene, Eph1 = 70 meV, Epn2 = 16
meV, and Epnz = 2.0 meV. [82,131,132] These phonon energies were selected to match the
low-energy phonon modes in epitaxial graphene on SiC, as measured by inelastic tunnelling
spectroscopy (IETS) [82,131,132]. The 16- and 70-meV phonon modes correspond to two out-
of-plane acoustic phonon modes at the 7-point and M-point respectively, where two
neighboring planes (here the graphene and the buffer layer) are oscillating out of phase. The
coupling of these phonon modes to the charge carriers in epitaxial graphene is significantly
enhanced at the position of the localized defects in the buffer layer/substrate. [131,132]. The
2.0 meV phonon mode can be attributed to the low-frequency horizontal phonon mode at 2 - 5
meV at the 7-point [133]. This mode occurs when two neighboring planes (here graphene and

buffer layer) oscillate out-of-phase parallel to each other.

Figure 4.5 shows the electron mobility as a function of temperature from 4.2 to 300 K for device
G1594-D6_3(chip1)2 HFML. The electron density of this device is 3.28x10* cm™ at 4.2 K.
The mobility limits as a result of various scattering mechanisms, including charge impurity
scattering, scattering by remotely interfacial phonons at the graphene/SiC interface, and
scattering by LA phonons in graphene (in-plane) [82,113]. At T < 25 K, the electron mobility
remains nearly constant as the temperature increases. The charge impurities and atomic defects
play the most dominant role. At T > 25 K, the electron mobility gradually decreases as the

temperature increases. The mobility is limited by the remote interfacial phonons scattering since
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the LA phonons make only a small contribution to the overall mobility for temperatures above
400 K.
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Figure 4.5 The electron mobility is a function of temperature from 4.2 to 300 K for
device G1594-D6_3(chip1)2 HFML. The electron density of this device is 3.28x10"!

cm? at 4.2 K. The mobility decreases as temperature increases.

4.6 Doping model for F4-TCNQ molecular doped epitaxial graphene on SiC

This section describes an energy band model to explain the F4-TCNQ molecular doping process
on graphene surface in the experiment. The simulation results based on the density functional
theory (DFT) confirmed the energy band alignment results. The charge density difference at
the single-layer graphene/FAT-CNQ interface was performed using the Quantum Espresso
software package, including Perdew-Burke-Ernzerhof parametrization of the generalized
gradient approximation (GGA-PBE) exchange-correlation functional and projector augmented
wave (PAW) pseudopotentials. The geometric optimization and calculation of HOMO/LUMO
energy states of an isolated F4-TCNQ molecule at different ionization states (F4-TCNQ°, F4-
TCNQ?, F4-TCNQ™) were calculated using ORCA software. DFT calculations were applied
using the Hybrid Meta-GGA XC PW6B95 functional with the Karlsruhe basis set of valence
triple-zeta polarization (def2-TZVP) for all atom types.

59
https://doi.org/10.7795/110.20250327



4.6 Doping model for F4-TCNQ molecular doped epitaxial graphene on SiC

In this section, Stefan Wundrack conducted the DFT simulation. Based on his simulation results
and the experimental data discussed above, we established a charge transfer model and an
energy band alignment picture to explain the F4-TCQN molecular doping process on the
graphene surface. We would like to acknowledge the fruitful discussion and insightful comment

provided by Prof. Dr. Thomas Seyller regarding the energy band alignment picture.
4.6.1 Electron wave function and charge density distribution

The interpretation of this result requires a more detailed understanding of the microscopic
doping mechanism. Recent findings suggest that molecular doping occurs through the diffusion
of the F4-TCNQ molecules from the doping layer to the graphene surface via the copolymer
spacer layer. [109] The amount of F4-TCNQ on the graphene surface is proportional to the
concentration in the doping layer as given by the diffusion law, as given in the reference. [109]
Moreover, it can be assumed that the F4-TCNQ doping layer concentration is approximately
proportional to the volume concentration in the dopant solution because the anisole is
completely evaporated during the 160 °C annealing process. As a result, the FA-TCNQ
concentration at the graphene surface is assumed to vary linearly with the F4-TCNQ volume
ratio (in Figure 4.2).

In the actual doping process, only dopant molecules in close proximity to the graphene surface
are involved. [83] Simulation studies have proven that the F4-TCNQ molecules are favorably
positioned parallel to the graphene surface at a distance of a few angstroms. [107] Based on the
configuration, the electron wave function distribution was simulated by our collaborator Stefan
Wundrack of PTB’s Chemistry Division using density functional theory (DFT) software, as
illustrated in Figure 4.6. The planar molecular structure of F4-TCNQ is visually presented in
Figure 4.6(a). The wave function distribution (y) in the highest occupied molecular orbital
(HOMO) molecular orbital of the F4-TCNQ molecule indicates the backbone of the conjugated
n-electron system in its ground state. Figure 4.6(b) schematically represents the electron wave
function distribution in both the ground state (F4-TCNQ®) and excited state (F4-TCNQ?) of the
F4-TCNQ molecule. The F4-TCNQ molecule undergoes a transition from its ground state (F4-
TCNQY) to the excited state (F4-TCNQ™) upon accepting an electron. In the excited state, the
single charge (electron) is balanced by the formation of an aromatic carbon ring, and the
separation of the negative charge near the CN group leads to the redistribution of the n-electrons.
Both the simulation and the previous experimental results [83] prove that the cyano (CN)

groups of the F4-TCNQ molecule play a crucial role in the accumulation of charge carriers in
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their local environment in graphene. The DFT calculations demonstrate a bond rearrangement
of HOMO (ground state, F4-TCNQ) and HOMO* (excited state, F4-TCNQ™).

DFT simulation of charge transfer in F4-TCNQ/graphene system

(a) FA-TCNO molecule (b) Charge transfer
F4-TCNQ® F4-TCNQ1
Molecular structure Ground state Excited state
< 2 CN group
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@c F F _ F F
+le
—_—
F F F F
HOMO orbital N CN KiC? @\\ N
Anion
g q ®
g +le o2
= o@°
3
Rearrangement of &
conjugated backbone
HOMO HOMO*

Figure 4.6 The electron wave function distribution (a) Planar molecular structure of
FA-TCNQ and visualization of the wave function distribution (y) in the HOMO
molecular orbital indicating the backbone of the conjugated m-electron system. (b)
Schematic representation of the rearrangement of the m-electrons in the charge transfer
process in F4-TCNQ. The charge carrier acceptance of a single electron is compensated
by forming an aromatic carbon ring and separating the negative charges near the CN
groups. DFT calculations reveal a bond rearrangement in F4-TCNQ between HOMO
(ground state, F4-TCNQP) and HOMO* (excited state, F4-TCNQ™). Adapted from the

reference [51].

Figure 4.7 shows the extracted energy levels of the F4-TCNQ molecule, the single-ionized F4-
TCNQ?, and the double-ionized F4-TCNQ™ based on the DFT simulation. The calculated
electron affinity Ea indicates an energy shift from the HOMO and lowest unoccupied molecular
orbital (LUMO) levels to the HOMO* and LUMO*. There is also a significant decrease in
electron affinity. The F4-TCNQ molecule has an electron affinity of 5.35 eV, while the single
ionized F4-TCNQ™ has an electron affinity of 1.09 eV. It is important to note that these
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ionization states were calculated only for a single molecule in a vacuum cell and do not consider
any interaction with epitaxial graphene.

lonization of isolated F4-TCNQ molecule
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Figure 4.7 Calculated energy levels of an isolated F4-TCNQ molecule physisorbed on
agraphene supercell in the neutral state (HOMO and LUMO, F4-TCNQ9), in the single
ionized (HOMO* and LUMO*, F4-TCNQ™) and the double ionized state (HOMO**
and LUMO**, F4-TCNQ). Ea denotes the calculated electron affinity. Adapted from
the reference [51].

The simulation of the charge density difference of a single F4-TCNQ molecule is shown in
Figure 4.8. The red (blue) distribution represents the charge accumulation (depletion). Charge
accumulation primarily occurs near the CN groups of the F4-TCNQ molecule due to the
wavefunction overlap between the m-bonds of graphene and the CN groups of F4-TCNQ,
leading to the formation of charge transfer complexes (CTC). According to the simulation
results, it is estimated that an F4-TCNQ molecule receives about 0.3 - 0.4 electrons from
graphene. [107,109]
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Figure 4.8 Charge density difference of monolayer graphene/F4-TCNQ interface.

SLG

Calculated charge density difference plot of F4-TCNQ physisorbed on a graphene
supercell. The red (blue) distribution corresponds to charge accumulation (depletion).
The accumulation of charge carriers in graphene occurs predominantly near the CN
groups of the F4-TCNQ molecule. There is an increased tunnel probability due to a
small distance (dealcutated = 3.4 A) between graphene and F4-TCNQ and the energetically
favorable position between graphene’s Fermi level (Er~ 4.3 eV) and F4-TCNQ LUMO
level (ELumo = 5.3 eV). Adapted from the reference [51].

4.6.2 Energy band alignment in graphene/F4-TCNQ charge transfer complex

Due to the strong electron affinity of F4-TCNQ (5.35 eV compared to 4.30 eV of epitaxial
graphene), the Fermi energy of graphene is higher than the HOMO of the F4-TCNQ molecule.
As a result, the neutral F4-TCNQ molecules in proximity to the graphene surface act as potent
electron acceptors. The electrons in graphene transfer to the LUMO state of the F4-TCNQ
molecules, as shown in Figure 4.9.[83,107,112,134] Finally, the electron density in the
graphene layer decreases, causing the Fermi energy in graphene to shift to a lower value. The
F4-TCNQ molecules receive electrons from the graphene to fill the LUMO state, resulting in
the formation of the F4-TCNQ charge. This redistribution of charge density leads to the
formation of excited HOMO* and LUMO* states at higher energies in the graphene/F4-TCNQ

charge transfer complex.

The amount of charge transferred from graphene to the F4-TCNQ is affected by two factors:
the number of available acceptors and the difference between the work functions of graphene
and the F4-TCNQ LUMO level. [93,135] The reduction in the difference in work functions
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between graphene and F4-TCNQ explains the self-limitation of the doping process as the F4-
TCNQ concentration increases. In addition, the reduction in available sites on the graphene
surface for the FA-TCNQ molecule at high doping concentrations is another reason. The
accumulation of negative charge above the graphene layer causes a gating effect. The schematic
band diagram in Figure 4.9 shows the excited highest occupied molecular orbital (HOMO¥*)
level of the FA-TCNQ™ anions that have accepted an electron from the graphene layer.
Furthermore, the accumulation of F4-TCNQ™ anions on top of the graphene layer can act as a
negatively charged gate, hindering electron transfer to the dopant molecules due to Coulomb
repulsion. This effect should also be considered when analyzing the doping mechanism, and it

can be compared to the photochemical gating by light-induced acceptors in a resist layer atop

epitaxial graphene. [93]

As previously discussed, the electron density in epitaxial graphene is closely related to the
donor-like states located at the interface of the SiC substrate and the buffer layer [126], as

depicted in Figure 4.9. These donor-like states act as a reservoir of electrons, which are donated
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Figure 4.9 Schematic band diagram sketch for molecular doping of n- and p-type
epitaxial graphene by F4-TCNQ. (a) Before charge transfer, the high electron density
(ne = 1.2x10% cm) of as-grown epitaxial graphene is attributed to donor-like states
between the SiC surface and the buffer layer, e.g., Si dangling bonds. The energy
position of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) state in F4-TCNQ are below the Fermi energy. In the doped
state, the electron density of as-grown graphene is reduced to (b) ne = 1.0x10*! cm for
n-type graphene and (c) nn = 1.1x10'° cm™ for p-type graphene. The graphene/F4-
TCNQ charge transfer complex is formed. The excited HOMO* and LUMO* states
shift to higher energies. (a) The neutral F4-TCNQ molecule and (b — c) the anion F4-
TCNQ after accepting one electron present in the diagram. With this reaction, a

delocalized ionic state is formed, and the F4-TCNQ turns into an aromatic molecule.
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to the graphene. It is assumed that the charges in these states also change during the
equilibration process of charge transfer. This means that the F4-TCNQ molecules on the
graphene surface partially compensate for the charges in donor-like states due to the energy
difference in the work function between the F4-TCNQ and the donor-like states.

4.6.3 Exclusion of double ionized state F4-TCNQ and charge transfer to PMMA

We now also consider the formation of the doubly ionized state (HOMO** and LUMO**, F4-
TCNQ?). The HOMO** and LUMO** levels of the doubly ionized F4-TCNQ are above the
vacuum level, indicating an energetically unstable state. Our calculation demonstrates that the
doubly ionized state is indeed an energetically unstable state, which is consistent with previous
experimental results [83], where only the single ionized anion (F4-TCNQ ) was observed. Thus,

we excluded the doubly ionized state from the charge transfer process.

Furthermore, the calculation results indicated that the PMMA, which only acts as an insulator,
does not contribute to the charge transfer process. Therefore, we can conclude that the charge
transfer from the graphene, F4-TCNQ, and F4-TCNQ™ to the PMMA is ruled out. The energy
alignments of the LUMO and HOMO levels of the PMMA [136], a single F4-TCNQ molecule,
the work functions (@) of the donor-like states (dangling bonds) in the buffer layer of 6H-SiC,
and the work function of single-layer graphene (SLG) are shown in Figure 4.10. The Fermi
energy in graphene lies between the LUMO and HOMO levels of PMMA, making the charge
transfer between the graphene and PMMA impossible. The LUMO level of PMMA is higher
than the HOMO levels of F4-TCNQ and F4-TCNQ~, making charge transfer impossible
between a low energy level of F4-TCNQ and F4-TCNQ™ to a high energy level of PMMA.
Therefore, the PMMA acts as an electron blockade layer and isolates the ionized charge F4-
TCNQ™
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Figure 4.10 Comparison of the LUMO and HOMO levels of a single F4-TCNQ
molecule with the work functions (@) of donor-like state (dangling bonds) in the buffer
layer of 6H-SiC, work function of single-layer graphene (SLG) and HOMO and LUMO
levels of PMMA. [136] Adapted from the reference [51].
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Chapter 5. Epitaxial graphene quantum Hall resistance standard

This chapter presents high-accuracy measurement results of the n- and p-type graphene QHR
standards. The carrier density of the epitaxial graphene QHR device is controlled by the F4-
TCNQ molecular doping technique to the desired value in n- and p-type regimes for the
resistance metrology. Section 5.1 introduces the history of graphene QHR standards that
achieved accuracy on the level of nQ/Q from institutions worldwide. Section 5.2 presents high-
accuracy measurement results of n-type graphene QHR devices with different electron densities
from 10! cm to 10'° cm. Moreover, devices with 5L-, 3L-, and 2L doping stacks are also
investigated by high-accuracy measurements. In these measurements, the deviation and
guantization regimes are observed. The systematic high-accuracy measurements from devices
with different carrier densities find that the onsets of the deviation and quantization regimes are
correlated with the electron density. In section 5.3, a contour plot is proposed that describes the
quantization regime as a function of the electron (hole) density and magnetic field. Section 5.4
discusses the high-accuracy measurement results of the p-type graphene QHR devices.
Furthermore, the asymmetric behavior of the contour plot of the n- and p-type QHR standards
is observed. Section 5.5 presents the temperature-dependent measurement of the graphene QHR
standard. The nQ/Q accuracy of the QHR is destroyed at temperatures T > 25 K, which is

explained by the unique remote interfacial phonon-mediated transport in epitaxial graphene.

Most of the content in Sections 5.2 and 5.3 is published in Ref. [51]. The content in Section 5.4
is to be submitted to a journal. Most of the graphene films on SiC used in Sections 5.2, 5.3, and
5.5 were grown by Dr. Davood Momeni and Dr. Atasi Chatterjee. Dr. Mattias Kruskopf
contributed to the device fabrication and high-accuracy measurements of the p-type graphene
QHR standards in Section 5.4. The magnetotransport measurements in high magnetic fields in
section 5.5 were conducted at the High Field Magnet Laboratory (HFML-EMFL), Radboud
University, the Netherlands, with support from Prof. Dr. Uli Zeitler and Dr. Oleksandr Zheliuk.

5.1 Graphene QHR standards

The quantum Hall effect allows the international standard for resistance to be defined in terms
of the electron charge e and Planck’s constant h alone. The effect comprises the quantization of
the Hall resistance in two-dimensional electron systems in rational fractions of Rk = h/e? = 25

812.807 459 30... Q, the resistance quantum. The level of precision necessary for metrology —
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a few parts per billion — has been achieved in silicon and Gallium-Arsenide (GaAs)
heterostructure devices. [84,137,138] The GaAs quantum Hall resistance (QHR) standard has
been in use in many national metrology institutes (NMIs) since the 1990s. However, this level
of accuracy is only achieved at high magnetic flux density (usually around B = 10 T), very low
temperature (T < 1.5 K), and limited current magnitude (typically I <50 pA). [40,41] Graphene
should, in principle, be an ideal material for a quantum resistance standard because it is

inherently 2D, and its Landau levels are significantly split in a magnetic field.
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Figure 5.1 The resistance quantization based on the graphene QHR standard has
achieved an accuracy of n{2/Q under the operating conditions of minimum magnetic
field and highest temperatures by different research groups all over the world. So far,
only six institutions have reported that their graphene QHR standard successfully
achieved accuracy on the nQ/Q level in the world. All the graphene QHR standards are
from four sources: the PTB, Chalmers University of Technology, KRISS, and
LNE. [8] [47,48,139] [49-51] The red dot marks the results obtained within this thesis.

Over the past decade, epitaxial graphene on SiC has emerged as a promising alternative to GaAs
heterostructures for QHR standards. Figure 5.1 presents the progress of epitaxial graphene QHR
standards with an accuracy on the level of nQ/Q for resistance quantization. So far, only six
institutions worldwide have reported that their graphene QHR standard successfully achieved

accuracy on the nQ/Q level.
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In 2010, Tzalenchuk et al [8] was the first to demonstrate that an epitaxial graphene QHR
standard achieved an accuracy of 3 parts in 10° at a temperature of 300 mK and the magnetic
fields B > 11 T. The graphene was epitaxially grown on SiC substrate on a large scale (160 x
35 um?). In 2012, Woszczyna et al [140] demonstrated that an exfoliated graphene QHR
standard can also achieve accuracy on the level nQ/Q at 60 mK and B > 16 T. Nevertheless,
these operating conditions were not yet competitive with those used for GaAs QHR standards.
In 2015, the LNE group demonstrated that the graphene QHR standard can achieve an nQ/Q
accuracy at 1.5 Kand 3.5 T. [47,48,139] The graphene on SiC was grown by CVD. Since 2019,
the groups from Chalmers University of Technology — NPL — RISE team, KRISS, and PTB
reported resistance quantization with nQ/Q accuracy in epitaxial graphene QHR standards at
an increased temperature of 4.2 K. [49-51] All the graphene QHR standards are from four
sources: the PTB, Chalmers University of Technology, KRISS, and LNE.

Realization of the resistance quantization under relaxed conditions, e.g., lower magnetic fields
and higher temperatures, is of great importance for the dissemination of QHR standards. The
graphene QHR standards in this thesis exhibit an advanced performance in terms of the
operating conditions, which have achieved an accuracy of (0.7 £ 2.6) nQ/Q at a magnetic field
as low as 3.5 T and a temperature of 4.2 K. In comparison with the graphene QHR standards in
the literature [8] [47,48,139] [49-51], the graphene QHR standards in this thesis can achieve
an nQ/Q accuracy at a lower magnetic field at 3.5 T and higher temperature at 4.2 K

simultaneously, as shown in Figure 5.1.

5.2 n-type graphene QHR standards

In chapters 4, 5, and 6, epitaxial graphene QHR standards with different carrier densities are
fabricated by the optical lithography and the F4-TCNQ molecular doping method. The epitaxial
graphene exhibits a very wide Hall plateau (v = 2), which is attributed to the Fermi level pinning
in epitaxial graphene. This section presents high-accuracy measurement results that identify a
deviation regime and a quantization regime in the wide Hall plateau, which were not previously
recognized in graphene- and GaAs-based QHR standards in the literature. The investigation of
the deviation regime in the Hall plateau is important for further understanding of the QHE in
epitaxial graphene and its application to resistance standards. In the deviation and quantization
regimes, the longitudinal resistances exhibit a minor difference in the level of micro-ohms,

which is identified through high-accuracy measurement. The minor difference in the
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longitudinal resistance is used to distinguish the boundary between the deviation and

quantization regimes.

In the high-accuracy measurements, the deviation regime was defined by a criterion of a low
but non-zero longitudinal resistivity o« < 100 mQ. In this regime, the quantum Hall resistance
Rxy starts to deviate from the nominal Rk /2 within the achievable measurement uncertainty.
The quantization regime was defined by the criteria | px | = 0 pQ within the uncertainty + 23
nQ, which guarantees the relative deviation of the quantum Hall resistance Rxy from Rk/2 with
an accuracy of nQ/Q, e.g., (Rxy - R«/2) / (Rk/2) < (0.7 £ 2.6) nQ/Q (k = 2). The definition of
deviation and quantization regimes are discussed previously in detail in Section 3.5.

5.2.1 n-type QHR standard with different electron densities

Figure 5.2 presents the typical magnetotransport (b) and high-accuracy (a and ¢) measurements
of the vacuum-annealed QHR device with 25% volume concentration F4-TCNQ (5L doping
stack). Through F4-TCNQ molecular doping, the electron density was reduced to 1.1 x 10** cm
"2 at a measured temperature of 4.2 K. In the magnetotransport measurement, a very wide Hall
plateau at filling factor 2 was observed at magnetic fields ranging from about 2 T up to 12 T,
corresponding to a very small longitudinal resistivity. The high-accuracy values of the Hall and
longitudinal resistances allow us to distinguish between the deviation and quantization regimes.
The deviation regime was determined at the magnetic fields ranging from about 2 Tto 4 T,
where the longitudinal resistivity pxx was non-zero but less than 100 mQ, as shown in Figure
5(b).

Figure 5.2(a), (c) shows the relative deviation of the quantum Hall resistance Rxy from Rk/2 and
the longitudinal resistivity px as a function of the magnetic field B in the high-accuracy
measurements. The Hall resistance exhibits a perfect quantization with an accuracy of |(Rxy -
Rk/2) I (Rk/2)| < (0.7 £ 2.6) nQ/Q at magnetic fields B > 3.5 T. The value of pxx is 80 pQ at B
=3.5T, but it has no detrimental effect on the QHR value due to the very small s parameter. [50]
The longitudinal resistivity drops to (20.1 £ 23.0) u€Q at 4 T and further to (3.8 = 19.7) pQ at
12 T, demonstrating zero longitudinal resistivity within the uncertainty and a dissipationless

state of the electron gas in the graphene.

70
https://doi.org/10.7795/110.20250327



5.2 n-type graphene QHR standards

N

¢ @  URyyl < (0.7 £ 2.6) nQUQ
£ 20- |
S o ——
| (b) K
121 2 g v=2 Rg/2 -
~ Eg F 16 &
S 8 oE oC ] S
= - o = =
c O 8 o = 4 %
3 2T N ] <
o 4- sV, B %
3 < g < _ 1 2 | 2
0. o) & N, =1.0x10™" cm | 0
T T T i T T T T T T T T — 3280
< (20 £ 23) uQ | ~
__(C) 1 |pxx| ( ) u 43200 Cj}_
. : 180 =
I T gy
o 2 4 6 8 10 12
B (T)

Figure 5.2 The magnetotransport (b) and high-accuracy (a), (¢) measurement of the
vacuum annealed QHR device with 25% volume concentration F4-TCNQ (5L doping
stack). (b) Hall resistance Rxy and longitudinal resistivity pxx as functions of the
magnetic field from a graphene QHR device with carrier density 1.0 x 10** cm 2 at 4.2
K. The deviation regime is at magnetic fields from 2 T to 4 T for this device,
corresponding to the longitudinal resistivity 0 < px < 100 mQ. High-accuracy
measurement of (a) the Hall resistance deviation (Rxy - Rk/2) / (Rk/2) and (c) the
longitudinal resistivity pxx on the v = 2 plateau at 4.2 K and | = 38 pA. The relative
deviation of the Hall resistance Rxy from Rk /2 is less than (2 = 2.6) nQ/Q (k = 2) in the
magnetic field from 4 T to 12 T. The quantization regime is defined by pxx = 0 uQ with
the uncertainty of £23 uQ (k = 2). Here, the onset of the quantization regime is at B =
4T.

The longitudinal resistance values determine the deviation regime, 0 < pxx < 100 mQ. In this
device, the deviation regime begins at about 2 T, which is about 2 T lower than the onset of the
guantization regime. The width of the deviation regime is determined by the types and energy
strength of the disorder. In the quantization regime, the measured values of px are lower than
any previously published values obtained at 4.2 K. [47,48] This suggests a homogeneous carrier

distribution and spatial dispersion of the compensating dopant molecules. The vanishing
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resistivity also indicates that no parallel transport channel has formed, regardless of the

concentration levels.
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Figure 5.3 Precision measurements of Hall and longitudinal resistance as a function
magnetic field of the F4-TCNQ doped devices (5L doping stack) at 4.2 K and | = 38
MA, ordered according to their electron density. The quantization regime (oxx < 21 pQ
123 uQ) (k = 2) is marked in red. As the electron density increases, the onset of the
quantization regime shifts to higher magnetic fields. In the quantum regime, the relative
deviation of the QH resistance Rxy from R«/2 is < (0.7 £ 2.6) nQ/Q.

Due to the wide range of carrier densities that can be controlled in graphene, the QHR devices
were measured using high-accuracy measurements at different electron/hole densities. Figure
5.3 shows the relative deviation of Ryxy from Rk/2 and the longitudinal resistivity oxx plotted as
a function of the magnetic field for different electron densities ne. The devices exhibit the same
trend, where the onset of the quantization regime shifts to higher magnetic fields with increasing
electron density. The vanishing longitudinal resistivity within the uncertainty is a reliable

criterion to determine the onset of the quantization regime, in which the deviation of the QHR
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is within an accuracy of 10°. These results imply that the onset of the quantization regime is

correlated with the electron density.
5.2.2 n-type QHR standards with different doping stacks

So far, the F4-TCNQ doping procedure has been focused on 5-layer doping stacks that have
been systematically investigated in various studies as well as in this thesis. [49-51] To simplify
this doping procedure, we explore the potential limits of the F4-TCNQ doping method by
investigating graphene QHR standards with 2- and 3-layer doping stacks. The structure of the
2- and 3-layer doping stacks is presented previously in Figure 4.4, and the details of preparation
are summarized in Table 5-1. The high-accuracy measurement shows excellent resistance
quantization with an accuracy of a few nQ/Q at 4.2 K over a wide QH plateau in Figures 5.4
and 5.5.

Table 5-1. The graphene QHR standards were doped by F4-TCNQ with a 2-, 3-, and 5-layer
doping stack.

Device Volume Pre- Doping Carrier density = Mobility
ratio  annealing  stack (cm?) (em?V-1sT)
G1536_4(chipS) 50:100  Vacuum 2L 2.30x10" 4263
G1517_11(chip45)  5:100 H, 3L 4.30x10" 4392
G1514_12(chip50)  5:100  Vacuum 3L 5.40x10" 6675
G1515_11(chip38)  5:100 H> 5L 2.50x10" 4631

Figure 5.4 shows the relative deviation of Rxy from Rk/2 and the longitudinal resistivity pxx as
a function of the magnetic field with different electron densities of a 3-layer doping stack device
at 4.2 Kand | = 38 pA. The quantization regime was observed in high magnetic fields above 7
T. As the electron density increases, the onset of the quantization regime shifts to higher
magnetic fields, which is consistent with the trend observed in 5-layer doping stack devices.
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Figure 5.4 Precision measurements of the F4-TCNQ doped devices with 3L-doping
stack. The relative deviation of Rxy from Rk/2 and the longitudinal resistivity px as a
function of the magnetic field with different electron densities at 4.2 K and | = 38 pA.
The quantization regime (o <21 pQ + 23 pQ) (k=2) is marked in red. As the electron
density increases, the onset of the quantization regime shifts to higher magnetic fields.

In the quantum regime, the relative deviation of the QH resistance Rxy from Ri/2 is <
(0.7 £ 3) nQ/Q.

Figure 5.5 shows high-accuracy measurements of the graphene-based QH devices with 2-layer,
3-layer, and 5-layer doping stacks. The carrier densities are reduced to the desired level of 10
cm2 and are very similar despite the different layer sequences. The onset of the quantization
regime occurs at magnetic field values Bon 0f 5T, 6.5 T, and 8.5 T in the QHR standards with
2-, 5- and 3-layer stacks, respectively. This onset of the quantization regime in magnetic field
exhibits a correlation with the electron density, as previously discussed in Section 5.2.1. All
three QHR standards exhibit excellent resistance quantization, with relative deviations of the
QH resistance Ryy from Rk/2 within 2 + 3 n)/Q (combined uncertainties, k = 2) throughout the
entire accessible QH plateau range. The 2-layer device with the lowest carrier density of n =
2.3x10% cm shows a QH plateau onset at Bon = 5 T, which extends over the entire range up to
12T.

The compact table-top cryostats are equipped with a small superconducting magnet, which can
achieve magnetic fields up to 6 T. The 2-layer QHR device can achieve the high accuracy in
magnetic fields below 6 T, making it suitable for metrological applications in table-top cryostats.
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The results demonstrate the excellent metrological quality of graphene-based QHRS with F4-

TCNQ doping stacks of 2-, 3-, and 5-layers. There is no preference for any of the three

investigated layer sequences as long as the required carrier density is obtained. The ability to

use different doping stacks enables greater flexibility in the device fabrication for applications

in quantum Hall resistance metrology.
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Figure 5.5 The relative deviation of the dc QH resistance Ryy from the quantized value
Rk/2 obtained by CCC measurements at 4.2 K and | = 38 pA of graphene-based QHR
devices with (a) 2-layer, (b) 3-layer, and (c) 5-layer doping stacks. The insets sketch
the corresponding doping stack with the doped layer (F4-TCNQ in PMMA host matrix)
in red and the undoped co-polymer spacer and cap layer in green on top of the

monolayer graphene (black).

5.2.3 Comparison to commercial QHR device

Graphensic AB, a Swedish company founded in 2011 as a start-up spin-off from Link6ping

University, is the first supplier of epitaxial graphene in Europe. They are world leaders in

https://doi.org/10.7795/110.20250327
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providing high-quality epitaxial graphene and graphene-based devices, including epitaxial

graphene QHR standards.

In this thesis, we compared the performance of our graphene QHR standard with that of the
Graphensic QHR standard, as shown in Figure 5.6. Both devices have an electron density of
1.0 x 10 cm. As previously mentioned, the quantization regime is defined by px = 0 within
the uncertainty £23 uQ. The PTB QHR device exhibits zero longitudinal resistance within the
error bar in a magnetic field range of 4 T to 12 T, indicating the quantization regime. The
corresponding quantized Hall resistance with a relative deviation of (Rxy - R«/2)/(R«/2) < (2.0 =
2.6) nQ/Q at filling factor 2. The Graphensic QHR device showed that the longitudinal
resistance deviates from zero by =50 pQ in the magnetic field range of 5 T to 12 T, indicating
imperfect quantization of the Hall resistance. In contrast, the graphene QHR in this thesis
showed vanishing longitudinal resistance within the uncertainty £ 23 uQ in a wide magnetic

field range, speaking for a superior performance compared to the commercial QHR device.
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Figure 5.6 Relative deviation of (Rxy - R«/2) from R«/2 and longitudinal resistivity of
pxx as a function of the magnetic field. The graphene QHR standard from (a) this thesis
is compared with (b) the commercial counterpart from the Graphensic AB company.
Both devices have the same electron density of 1.0x10'! ¢cm™?. The high-accuracy

measurements are performed at a current of 38.7 1A and a temperature of 4.2 K.

The nonvanishing small pxx in the commercial device may be attributed to a second conducting
path in the F4-TCNQ doping layer or graphene/SiC interface. Another possible explanation is
that the disorder in the Graphensic QHR device exhibits larger energy fluctuations, which result

in a wider broadening of the Landau level and wider localized states. When the Fermi energy
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is close to the mobility edge of the extended state of the Landau level, variable range hopping

transport may contribute to the longitudinal resistance.

In the high-accuracy measurements, (Rxy - R«/2)/(Rk/2) = 0 within the uncertainty indicates that
the QHR has achieved accuracy on the nQ/Q level for the application of resistance metrology.
The PTB QHR device achieves accuracy on the nQ/Q level in a magnetic field as lowas 3.5 T,
while the Graphensic QHR device achieves the same accuracy in a higher magnetic field,
starting at 4.0 T. At the same electron density, the PTB QHR device achieved the nQ/Q
accuracy at a lower magnetic field. At a magnetic field of 3.0 T, the value of (Rxy - R«/2)/(R«/2)
of the PTB device slightly increases to 37 nQ/Q. This value is smaller than that of the
Graphensic device (=92 nQ/Q). A possible explanation for these two results is that the lower
fluctuation of disorder energy of the PTB QHR device results in a smaller broadening of the

Landau level. Therefore, the quantized Hall resistance is observed in a lower magnetic field.

The high-accuracy measurement results demonstrate that the graphene QHR device in this
thesis exhibits quantized Hall resistance with n€/Q accuracy at lower magnetic fields and lower
longitudinal resistance compared to the Graphensic QHR device. Thus, our QHR device

presents advanced performance for resistance metrology applications in NMIs and industry.

5.3 Contour plot of the quantization regime of the n-type graphene QHR

standards

The systematic high-accuracy measurements from devices with different carrier densities found
that the onsets of the deviation and quantization regimes are correlated with the electron density.
Figure 5.7 presents the deviation and quantization regimes as a function of the corresponding
electron density in the contour plot. The electron density of ne = 1.0 x 10!* cm? is a special
point in the contour plot, where the Hall resistance quantization is observed at the lowest
magnetic field of 4.0 T at 4.2 K. In the region of electron density n. > 1.0 x 10* cm, as the
electron density decreases, the onset of the quantization regime shifts to lower magnetic fields,
while the end of the quantization regime extends at least up to 12 T, which is the maximum
magnetic field in the setup. In the region of electron density between 0.5 x 10'* cm™ and 1.0 x
10! cm™, as the electron density decreases, the width of the quantization regime gradually
shrinks in the high-accuracy measurement (accuracy on the level of nQ/Q), even though the
very wide plateau is still observed in magnetotransport. Specifically, the finite width of the

quantization regime is observed in a magnetic field range from 5 T to 12 T at an electron density
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of ne = 9.3x10'° cm™ and from 6 T to 8 T at an electron density of ne = 6.7x10*° cm™. The
onsets (ends) of the quantization regime are marked by filled (open) symbols in Figure 5.7. At
electron densities below 0.5 x 10! cm™, the quantum Hall resistance deviates from the
theoretical value Rk, resulting in a loss of the high accuracy level of nQ/Q. Moreover, the
longitudinal resistance deviates significantly from zero to a few hundreds of uQ in the high-

accuracy measurements.

Figure 5.7 illustrates the correlation between the quantization regime and the electron density
(zero field) that is valid for the 5L doping stack devices. The quantization regime of the 3L and
2L doping stack devices were also evaluated using the same high-accuracy measurements, and
the corresponding data is consistent with the results of the 5L devices. This indicates that the
observed correlation between the quantization regime and the electron density is a general
behavior of the state-of-the-art epitaxial graphene QHR standards.
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Figure 5.7 The contour plot presents the deviation and quantization regime as a
function of the electron density and magnetic field for n-type graphene QHR standards,
which include the devices with 5L-, 3L, and 2L doping stacks. The onset of the
deviation and quantization regime is determined by the longitudinal resistivity o <
100 mQ and pxx = 0 within uncertainty, respectively. The open symbols mark the end
of the quantization regime. The blue dashed line represents the carrier density for the

filling factor v = 2 in the absence of charge transfer. Adapted from the Ref. [51]
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In the absence of electron transfer process in graphene, the center position of the Hall plateau
in a magnetic field is a function of electron density, as shown by the blue line in Figure 5.7. [44]
However, the existing theory fails to describe the center position of the Hall plateau (v = 2) in
a magnetic field. Epitaxial graphene exhibits an extraordinarily broad Hall plateau (v = 2), and
the center position of the Hall plateau shifts to a higher magnetic field due to the charge transfer
in amagnetic field. [111,141] Currently, there is no comprehensive theory or model to describe
the correlation between the quantization regime and the electron density in epitaxial graphene.
According to the systematic experimental results, the contour plot serves as a two-dimensional
map that guides the deviation and quantization regime in a magnetic field. Thus, the contour
plot is a benchmark for evaluating the quantization regime of an epitaxial graphene QHR
standard with a specific electron density. This provides a highly practical benefit for the
application of graphene QHR standards in quantum resistance metrology.

The field-dependent charge transfer model has been used to describe the Fermi energy pinning
of epitaxial graphene in quantum transport. [111,141,142] The contour plot of the quantization
regime provides further experimental evidence supporting this model. In the absence of charge
transfer, the center position of the Hall plateau at the filling factor v as a function of carrier
density and magnetic field is described by the relation n = v eB/h. This linear dependence
relationship is plotted as the blue dashed line for the filling factor v = 2 in Figure 5.7. This
relation determines the centers of the QH plateau of classical semiconductors, e.g.,
GaAs/AlGaAs, 2DEG devices with constant carrier density. The contour plot shows that the
quantization regime (extended beyond 12 T) is observed on the right side of the blue dashed
line, indicating the centers of the Hall plateau at v = 2 located at a higher magnetic field (right
side of the blue dashed line). This observation contradicts the theoretical model in the absence
of charge transfer process. Based on the center of the Hall plateau (v = 2) to the right of the
theoretical curve, we can deduce that the carrier density of epitaxial graphene in a magnetic
field is much higher than the zero-field carrier density. This provides additional experimental
evidence proving the existence of a magnetic field-dependent charge transfer process in

epitaxial graphene, in addition to the evidence in the literature. [111,141]

In a graphene device with a specific electron density, the onset of the quantization regime is
determined by the temperature and broadening of the extended state of the Landau level. The
contour plot in Figure 5.4 shows the relationship between the quantization regime and the
electron density but is only valid for the given temperature of T = 4.2 K and current of |1 = 38

MA. Any change in temperature (or current) will directly impact the onset of the quantization
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regime. The temperature-dependent high-accuracy measurements were carried out on the
graphene QHR device. The results show a shift of the QH plateau (quantization regime) by
about 1 T to higher B-values for a temperature change of 2 K (from 2.2 K to 4.2 K) [53]. This
shift is typical for epitaxial graphene. [47,48,142] Thus, this result proves that reducing the

temperature causes the onset of the quantization regime to shift to a lower magnetic field.

It should be possible that the onset of the quantization regime could shift to a lower magnetic
field by reducing the disorder in epitaxial graphene. This is due to the less broadening of the
extended state of the Landau level. According to the data presented in Figure 5.5, the width of
the deviation regime is estimated to be about 2 - 3 T. The deviation of quantum Hall resistance
in this regime is attributed to the disorder that caused the broadening of the Landau level. It is
expected that by reducing disorder in epitaxial graphene, the regime of accurate resistance

quantization can be achieved at even lower magnetic fields.

The Hall resistance quantization at 4.2 K and 4 T simplifies the experimental measurement set-
up in quantum metrology compared to conventional GaAs-based resistance standards, which
require 1.5 K and 10 T. It is further desirable to shift the quantized Hall regimes to lower field
values. To achieve this, it is necessary to further reduce the disorder in epitaxial graphene, such
as by suppressing the formation of charge puddles at low carrier densities.

5.4 p-type graphene QHR standards

The QHE is a universal phenomenon observed in a variety of materials, including two-
dimensional conductors, silicon MOSFETS, [34] semiconductor heterostructures like
AlGaAs/GaAs, [143] or metaloxides ZnO/MgxZnl xO. [144] Furthermore, the QHE has been
observed not only in electrons but also in quasiparticle transport like composite fermions

undergo Hall quantization and give rise to the fractional QHE. [145-147]

In 2004, a semimetal called graphene [16,32], enabled the investigation of QH physics of quasi-
relativistic “massless” electrons, so-called Dirac fermions. [19] The specific band structure of
this new material results in large energy splitting of the Landau levels which theoretically allow
resistance quantization up to room temperature. [43] This aroused the interest of National
Metrology Institutes around the world when considering that conventional QHR standards from
AlGaAs/GaAs heterostructures need low temperatures of 1.5 K and magnetic fields of about 10
T for the realization of the unit ohm with a state-of-the-art accuracy on the level of 1
nQ/Q. [8,148-155]
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The great progress achieved in the last decade has led to nowadays’ graphene-based QHRS
operating under relaxed experimental conditions, typically at 4.2 K, magnetic fields below 5 T,
or improved current robustness. [51,53,139] Today’s graphene QHR standards have n-type
conductivity, which is related to the intrinsic properties of as-grown epitaxial graphene on SiC
substrates. [29,126]

In this work, we investigate p-type epitaxial graphene QHRS for the realization of SI unit ohm.
The p-type epitaxial graphene is molecularly doped by F4-TCNQ, as discussed in Chapter 4.
The accurate resistance measurements indicate that the quantized resistance (v = 2) of all p-type
QHR standards is in good agreement within a few nQ/Q with the nominal value of Rk/2 over a
wide QH plateau range. This result is consistent with the n-type counterpart. It shows that QHR
standards for the practical realization of SI unit ohm can be fabricated from graphene with both
polarities. This gives further confidence in the universality of the QHE as the basis of the ohm
realization. A detailed comparison of both types of devices reveals differences, and possible

origins are discussed.

The F4-TCNQ molecular doping technique can control the carrier density from the n-type to
the p-type regime, enabling the creation of p-type devices for the QHR standard. In this section,
the n-type graphene QHR devices are obtained through a combination of vacuum annealing and
F4-TCNQ doping, while the p-type graphene QHR devices are obtained through F4-TCNQ
doping without any annealing process. A 5-layer doping stack was spin-coated on the graphene
surface to control the carrier density in graphene. The procedures for annealing and F4-TCNQ
doping have been previously described. The doping layer consists of a mixture of F4-
TCNQ/anisole and PMMA, with a volume ratio of 50% for p-type graphene and 25% for n-
type graphene. The graphene growth, device fabrication, magnetotransport, and high-accuracy

measurements follow the procedure described in Chapter 4.
5.4.1 Magnetotransport of p-type QHR standards

The F4-TCNQ doped graphene QHR devices show a clear signature of doping. Compared to
the high electron density of up to 1 x 10*3 cm™ of as-grown epitaxial graphene, [29] the n-type
device shows a strongly reduced value of ne = 1.10 x 10! cm. The p-type device has a hole
density of np = 1.15 x 10** cm™, which indicates a Fermi level shift from n-type to p-type across
the charge neutrality point. Because of the similar carrier density values of the n-type and the
p-type device, the Hall curves show a similar mirror image behavior, see Figure 5.8. A broad

QH Hall plateau at filling factor v = 2 (filled Oth Landau level) with a resistance value
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corresponding to half of the von Klitzing constant is observed for both devices. The QH plateaus
start at a magnetic field of about 3 T and extend at least up to 12 T, which is the maximum

magnetic field of the cryostat.

Both graphene devices show a comparable weak localization peak at zero magnetic field in the
longitudinal resistivity curves (inset of Figure 5.8). [156] The o value of the p-type device is
about twice as high as that of the n-type one, which results in a lower p-type Hall mobility value
(un = 4380 cm?/Vs compared to e = 8954 cm?/Vs) and indicates a different scattering behavior

of holes and electrons in the low-temperature transport regime.
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Figure 5.8 The QHE measurement of the p- and n-type graphene QHR device at 4.2
K. The different Hall slopes from the Hall measurement in low magnetic field indicate
different charge carriers in graphene. Insert shows the longitudinal resistivity as a
function of the magnetic field. The calculated mobility is 8954 cm?/Vs for electrons
and 4380 cm?/Vs for holes.

At a low temperature of 4.2 K, the mobility in graphene is primarily affected by the charge
impurity scattering and neutral atom defect scattering. [121,122,124,157] These scattering
centers are the main sources of disorder in graphene, which modify the Fermi energy profiles
of the graphene sheet at the local sites, resulting in the broadening of the Landau level in a
magnetic field. Stronger scattering for p-type graphene gives rise to a larger broadening of the

Landau level.
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In the high magnetic field, the p-type devices exhibit a wide QH plateau at filling factor two,
similar to the n-type device. In Figure 5.8, the Hall plateaus start at a magnetic field of about 2
T and extend up to 12 T, which is the maximum magnetic field of the system. Such wide QH
plateaus are typically observed in epitaxial graphene devices due to the strong pinning of the

Fermi level in magnetic field.

5.4.2 High-accuracy measurement of p-type QHR standards
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Figure 5.9 The magnetotransport (b) and high-accuracy (a, ¢) measurement of the p-
type QHR device (G1491-110-1_2Bath) doped by F4-TCNQ (5L doping stack). (b)
Hall resistance Rxy and longitudinal resistivity pxx as functions of the magnetic field
from a graphene QHR device with hole density 1.15 x 10! cm™ at 4.2 K. The deviation
regime is at magnetic fields from 3.2 T to 5 T for this device, corresponding to the
longitudinal resistivity o« < 100 mQ. High-accuracy measurement of (a) the Hall
resistance deviation (Rxy - Rk/2) / (Rk/2) and (c) the longitudinal resistivity pxx on the v
= 2 plateau at 4.2 K and | = 38 PA. The relative deviation of the Hall resistance Rxy
from Rk /2 is less than (0.6 + 2.4) nQ/Q (k = 2) in the magnetic field from5 T to 12 T.
The quantization regime is defined by | pxx | = 0 uQ with the uncertainty of +15 pQ (k

= 2). Here, the onset of the quantization regimeisatB=5T.
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The results of the high-accuracy measurements of Rxy and pxx of the p-type graphene QHR
standard are presented in Figure 5.9(a) and (c). By contrast, Figure 5.9(b) shows the
corresponding overview measurement (with a low accuracy of about 10™#). The quantization
regime, identified by pxx = 0 within an uncertainty of £15 pQ, is represented by a red area in
Figure 5.9. The quantization regime starts at 5 T, and the excellent quantization continues up to
12 T, which is the technical limit of the setup. In this magnetic field range, the Hall resistance
quantization achieves an accuracy of |(Rxy - Rk/2) / (Rk/2)| < (0.6 £ 2.4) nQ/Q, see Figure 5.9(a).
This level of accuracy is equal to that of conventional GaAs-based [40,41,86] and n-type
graphene QHR standards for the given measurement configuration. [8,48,139,158,159] This
result verifies the high quality of the p-type graphene QHR standards being as good as the n-
type counterpart for the realization of the SI ohm in quantum resistance metrology.

The high-accuracy measurements in the Hall plateau identify a deviation regime and a
quantization regime, which was not recognized in graphene and GaAs QHR standards in
previous studies in the literature. The deviation regime is defined by a longitudinal resistivity
of 0 < pxx < 100 mQ, as marked by the light red area. The measurements in Figures 5.9(b) and
(c) show that the deviation regime (sketched as a light red area) spans from about 3 Tto 5T, in
which the QHR deviates from the nominal Rk/2 value. This result reveals that the quantized
Hall resistance Ryy with an accuracy of nQ/Q starts at B = 5.0 T rather than 3.0 T in the very
wide plateau (v =2). In this p-type device, the onset of the deviation regime is about 2 T lower
than that of the quantization regime, which is similar to the behavior observed in n-type QHR
devices. The difference of about 2.0 T can be used to estimate the onset of the quantization

regime from magnetotransport measurement with less accuracy.

Please note, although the longitudinal resistivity deviates from zero to 223 pQ at 4.5 T, the
relative deviation of the Hall resistance is still (0.6 £ 2.4) nQ/Q, indicating that quantized
resistance with an accuracy of nQ/Q is still maintained at the magnetic field as low as 4.5 T, as
shown in Figure 5.9 (c). This is due to the very small s parameter, which quantifies how strongly
the emerged pxx mixed into the Rxy in each QHR standard device. For this device, the minor
longitudinal resistance xx = 223 pQ at 4.5 T has a negligible contribution to the quantum Hall
resistance. Thus, the highly accurate quantized resistance is maintained. At low temperatures,
such a small value of px is caused by the variable range hopping. This behavior has also been

observed in n-type graphene QHR devices. [51]
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5.4.3 Contour plot of p-type QHR standards

The Hall quantization of seven additional p-type graphene devices was investigated by accurate
pxx and Ryy measurements in the accessible magnet field range at intervals of 1 T and 4.2 K.
The quantization and the deviation regime were again determined according to the above-
mentioned criteria and the onset values are plotted in Figure 5.10.
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Figure 5.10 The contour plot of the deviation and quantization regimes as a function
of the hole density and magnetic field for the 5L-doping stack QHR devices. The onsets
of the deviation and quantization regimes are determined by the longitudinal resistivity
o < 100 mQ and pxx = 0 within uncertainty, respectively. The blue symbols present
the onsets of the deviation and quantization regimes of the n-type QHR devices. The
red symbols present the onsets of the deviation and quantization regimes of the p-type
QHR devices. The open symbols mark the end of the quantization regime. The onsets

of deviation and quantization regimes of the p-type devices shift to the higher magnetic

fields in comparison with that of the n-type devices.

The quantization regime (red area) of the QHR devices with different hole densities nn > 6 x
10%° cm extends over a wide magnetic field range up to at least 12 T, akin to the result shown

before in Figure 5.9 This convincing result proves that p-type graphene devices are excellently
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suited as QHRS with an equal high accuracy as the n-type ones. Only for the lowest density
device of n, = 5.5 x 10'° cm, the end of the quantization regime was observed at 9 T (open
red dot). The minor emerged pxx at B > 9 T can be explained as an incomplete filling of the Oth

Landau level and a depletion of the charge reservoir in the charge transfer model. [160]

The quantization regime of n-type graphene devices is also plotted as a blue area in Figure
5.10 [51] On the first view, the behavior of n- and p-type devices looks qualitatively similar.
With increasing (zero-field) carrier density, the onsets of deviation and quantization regime
shift to higher B field values. Another similarity of the p- and n-type devices can be observed
in Figure 5.10. The width of the deviation regime is about 2 T for both n- and p-type devices.
This allows to estimate the onset of the quantization regime from a simple magnetotransport

measurement in resistance metrology.

Moreover, a very broad Hall plateau is also observed in the p-type epitaxial graphene, similar
to the n-type graphene. The wide QH plateau (v = 2) in n-type epitaxial graphene was explained
by the so-called charge-transfer model. [141,160,161] Due to strong pinning of the Fermi level
in the magnetic field, the electrons persistently transfer from the charge reservoir to the
graphene Landau level with increasing magnetic field. The charge reservoir originates from the
donor-like states, which are located on the SiC surface and in the buffer layer. These donor-like
states are partially filled (neutrality) and partially empty (positive charge). The charge transfer
model suggested in n-type graphene can also be applied to the p-type epitaxial graphene. From
the similarity, one can conclude an ambipolarity of these states, which can also transfer holes
to p-type epitaxial graphene, e.g., the positively charged Silicon dangling bonds receive

electrons (lost holes) from graphene.

At equal carrier density values, the onset of the deviation and quantization regimes is observed
at higher magnetic fields for p-type graphene compared to the n-type counterpart. To explain
the non-symmetric of the QH plateau in Figure 5.10, we provide two possible explanations.
According to the charge transfer model, the carrier density in the Landau band is increasing at
higher magnetic fields. Thus, the differences in the QH plateau onset could indicate a non-
asymmetric charge transfer for holes and electrons, e.g., by a different density of the charge-
reservoir states at the different Fermi level positions or the higher density of acceptor states in
the p-type devices which also play a role for the charge balancing in the graphene layer.

The observed non-symmetric onset of the deviation and quantization regimes could also be
correlated with a higher degree of disorder of the p-type graphene, which results in a wider

broadening of Landau levels in the QH transport. Therefore, we systematically investigated the
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mobility as a function of the carrier density of the n- and p-type devices, as shown in Figure 4.2
previously. Each data point is extracted from an individual device and a Hall measurement at
4.2 K. We indeed observed an asymmetric dependence of mobility on carrier density for
electrons and holes between 10%° and 10! cm. The lower mobility values of the p-type devices
indicate a stronger charge carrier scattering, which suggests a higher degree of disorder in the
transport channel. The stronger scattering in p-type epitaxial graphene was also observed in
another paper. [162] The lower mobility in Figure 4.4 and the lower phase coherence length
and localization length proved in Ref. [162] indicate a higher degree of disorder and wider
broadening of Landau levels in p-type than n-type epitaxial graphene. The asymmetric
scattering behavior of both carrier types is possibly related to different contributions of short-
range and long-range Coulomb scattering. [124,163,164] To this point, the observed non-
symmetric mobility of n- and p-type graphene is not yet clear, and the arising open questions
stimulate further research, e.g., a comparison to the behavior of gated devices with electro-static

charge-control.

5.5 Temperature-dependent QHE in high magnetic fields
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Figure 5.11 QHE measurements in high magnetic fields up to 35 T. (a) The Hall
resistance Ryy and (b) the longitudinal resistivity pxx as a function of magnetic field at
temperatures from 4.2 to 300 K for device G1594-D6_3(chipl)2 HFML. The applied

current is 10 pA in the QHE measurements.
We investigated the temperature dependence of the Hall resistance quantization in high

magnetic fields up to 35 T during a measurement campaign in the High Field Magnet
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Laboratory in Nijmegen, the Netherlands. Figure 5.11 plots a typical quantum Hall
measurement (device G1594-D6_3(chipl)2 HFML) of a graphene QHR device at temperatures
ranging from 4.2 to 300 K in high magnetic fields up to 35 T. The electron density of this device
is 3.28x10% cm at 4.2 K. As the temperature increases, the longitudinal resistance deviates
from zero, and the Hall resistance deviates from the quantized plateau Rk/2 in the quantum state.
At temperatures above 103 K, dissipation transport causes the breakdown of the Hall plateau

and the appearance of a non-zero longitudinal resistance in high magnetic fields.
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Figure 5.12 (a) The absolute longitudinal resistivity as a function of magnetic field at
different temperatures in current reversal measurement. The applied current is 50 pA,
and the measurement uncertainty is ~2 mQ. At temperatures below 12 K, pxx = 0 is
observed at magnetic fields from 7 T to 35 T. At 25 K, a minimum longitudinal
resistivity (30 mQ) is observed at the magnetic field 15 T. (b) The difference energy
AEL_ of the 1st and Oth Landau levels (left Y-axis) and the corresponding temperature

T (right Y-axis) as a function of magnetic field.

The current reversal measurement technique can achieve an accuracy of resistance within an
uncertainty of £ 2 mQ at a current of 50 pA. Figure 5.12(a) shows the longitudinal resistivity
as a function of magnetic fields at different temperatures. A zero longitudinal resistance is
observed within an uncertainty of + 2 mQ at magnetic fields ranging from 8.5 Tupto 35 T at
temperatures below 12 K. As the temperature increases over 25 K, a minor longitudinal
resistance starts to emerge in high magnetic field from 8 T up to 35 T, indicating the dissipative
transport. This implies that the Hall resistance is not accurate quantization at temperatures
above 25 K, even in very high magnetic fields with large Landau level splitting. The difference
energy of the 1st and Oth Landau levels (left Y-axis) and the corresponding temperature (right

Y-axis) as a function of magnetic field are shown in Figure 5.12 (b). At magnetic fields above
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8 T, the difference energy of the 1st and Oth Landau levels is over 25 meV (300 K), which is
far larger than 25 K.

The broadening of the Landau level is inevitable in real graphene QHR devices, due to the
presence of disorder, such as charge impurities, atomic defects, atomic steps, and phonon
scatterings. At low temperatures, the main sources of disorder are the charge impurities, atomic
defects, and atomic steps in epitaxial graphene. At high temperatures, phonon scattering

becomes the dominant disorder.

Recently, phonon-mediated room-temperature QH transport in ultra-clean hBN/graphene/hBN
samples was observed. [165] In the condition of keT ~ AL and ksT > Epn, the graphene on
hBN demonstrated the QHE, and electron-phonon scattering becomes the predominant
mechanism in high magnetic fields. The phonon-mediated transport resulting in electron-
phonon scattering can contribute to a finite longitudinal resistivity in high magnetic fields. In
perpendicular magnetic fields, electron-phonon scattering requires lattice vibrations with a
wave vector in the order of the inverse of the magnetic length (I = 25 nm/m) [166]. The
energy scale of phonon that contributes to electron-phonon scattering in high magnetic fields is
defined as Eph = Avs/ls (where vs is the sound velocity in the material). [166] In conventional
2DESs, the QH effect is suppressed within a few K due to the small 4. [167], where the Eph-
controlled phonon population can be considered negligible. In epitaxial graphene, the additional
remotely interfacial phonon modes contribute to the phonon scattering in QH transport. When
the graphene layer and buffer layer oscillate out-of-phase parallel to each other, a low-frequency
horizontal phonon mode at 2 — 5 meV at the 7-point [133] will occur in epitaxial graphene. As
we discussed in Section 4.5.3, the low-frequency horizontal phonon Ephs is about 2.0 meV,
which is comparable to the thermal energy at 25 K. This mode contributes the minor resistance
(30 mQ ~ 10 Q) in high magnetic fields at temperatures between 25 K and 100 K.

The electron density of device G1594-D6 3(chipl)2 HFML is extracted from the QH
measurement at different temperatures. At 25 K (2.15 meV), the electron density is 4.05x10%
cm?, corresponding to the Fermi level Er = 74.25 meV. Due to the electron transfers from the
SiC to the graphene layer in the magnetic field [135,141], the Fermi level is pinned at the energy
level of 74.25 meV at 15 T, as shown in Figure 5.13. In the magnetic field at 15 T, the difference
energy of the 1st and Oth Landau levels is 140.49 meV. The broadening of LLs is considered
as 12.00 meV in epitaxial graphene [130]. The energy gap between the Landau level mobility
edge and the Fermi level is 52.24 meV, which is much larger than the thermal excitation energy
at 25 K (2.15 meV). It can conclude 4. > ksT for the QH transport in epitaxial graphene at 15
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T at 25 K. The thermal activation process has no contribution to the longitudinal resistivity in

the 2D bulk. The emerged longitudinal resistivity at 25 K is attributed to the other reason.

As the temperature increases to 25 K, a minimum longitudinal resistivity of 30 mQ is observed
at a magnetic field of 15 T. As we discussed in Section 4.5.3, the remotely interfacial phonon
Epns = 2.0 meV starts to dominate the scattering in epitaxial graphene at 25 K, resulting in a
decrease in mobility, as shown in Figure 4.5. In QH transport at 15 T, the Epnh = 1.76 meV <
Epnz (2.0 meV) fulfills the required condition for electron-phonon scattering in a perpendicular
magnetic field. Thus, at T > 25 K, the electron-phonon scattering is predominant in the QH
transport. The emerged longitudinal resistivity at high magnetic fields can be explained by
phonon-mediated dissipation. This implies that the dissipationless transport (oxx = 0) in epitaxial
graphene is limited by the remotely interfacial phonons Epns. As the temperature increases to

25 K, the phonon-mediated dissipation transport occurs in epitaxial graphene.

4T ' ' ' ' ' ' Erf
AE, ,= 140.49 meV
31 i Ey 2.00 meV
> 52.24 meV
E ). - 1.
W E; =74.25meV
1- 1
E .
0 0 DOS
0O 5 10 15 20 25 30 35 _ _
B (T) B=15T,T=25K

Figure 5.13 (left) the Epr—controlled phonon population as a function of magnetic field.
(right) The LL energy and Fermi level as a function of DOS in a magnetic field of 15
T at 25 K. The electron density at 25 K is 4.05x10*! cm, and the broadening of LLs
is considered at 12.00 meV in epitaxial graphene [130].
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Chapter 6. Realization of the unit ohm under relaxed experimental

conditions

Quantum Hall resistance (QHR) standards play an essential role in the traceability route to the
revised International System of Units (SI) ohm, farad, ampere, and kilogram (realized by a
Kibble balance). The practical realization of the ohm is carried out by a conventional GaAs
heterostructures QHR standard with the exact value Ry, = h/2e? (filling factor v = 2). In the past
decade, epitaxial graphene on SiC has emerged as a promising alternative to GaAs
heterostructures for QHR standards. Due to its wide splitting between the Landau levels and
strong pinning of the Fermi level, epitaxial graphene allows for the realization of the Sl unit of
resistance under relaxed experimental conditions in terms of magnetic flux density B, current |
and temperature T. Herein, we demonstrate that the epitaxial graphene QHR standards realize
the Sl unitohmat B=4.5T, | =232.5 pA, and T = 4.2 K simultaneously. To the best of our
knowledge, this is the best performance of graphene QHR standards obtained under (B, I, T)
relaxed experimental conditions simultaneously. Repeated high-accuracy measurements
demonstrate that the quantized resistance remained stable within an accuracy of (2 + 3) nQ/Q
over a period of 2.5 years, to date. Furthermore, the accuracy of the graphene QHR standards
has been maintained without any indications of degradation, even after experiencing long-
distance transport between two metrology institutes. It is expected that the superior performance
of graphene QHR standards may lead to a broader dissemination of primary quantum standards

beyond national metrology institutes, extending to calibration laboratories and industry on-site.

The content in this chapter is to be submitted to a journal. Some of the QHR devices were
delivered to BIPM where the high-accuracy measurements were conducted by Dr. Pierre

Gournay and Benjamin Rolland.

6.1 Introduction

To practically realize the electric SI units based on quantum physics, it is essential to develop
the quantum Hall resistance (QHR) standard. This standard should be able to work under
relaxed conditions simultaneously, including low magnetic field, high temperature, and high
current. In addition, the QHR standard must be stable in storage conditions for a long time.
Simplifying the operating conditions (B, I, T) will make the QHR standard device compatible
with portable, compact, and cryogen-free setups. Improving the performance of the QHR
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standard at low magnetic fields, high currents, and high temperatures can reduce calibration
costs, leading to broader dissemination and proliferation of primary quantum standards beyond
national metrology institutes and into the industry. However, relaxing these three experimental
conditions (B, I, T) is very challenging due to the mutually constraining nature of the QHE
physics. For example, to maintain the Hall resistance quantization with high accuracy,
decreasing B competes against increasing | and T. Therefore, developing QHR standards that
work under three relaxed experimental conditions while maintaining the high accuracy of Ryy
quantization over the years is challenge and critical for the next generation of the practical QHR

standards in metrological and industrial applications.

To address these bottlenecks of QHR standards, we developed scalable, reproducible, and long-
term stable graphene QHR standards. They were fabricated from a high-quality monolayer of
epitaxial graphene on SiC substrates, in which the carrier density was reduced by the F4-TCNQ
molecular doping technique. These devices were stored in a closed chamber filled with a
mixture of nitrogen (N2) and dry air (humidity < 40 %) at room temperature for more than two
years. From time to time, the chamber atmosphere was refreshed by pure N2 to keep the
humidity low. Regular high-accuracy measurements demonstrated that graphene QHR
standards allow for the realization of the ohm at a low magnetic field of B=4.5T, a high current
of 1 =232.5 pA, and a temperature of T = 4.2 K simultaneously. To the best of our knowledge,
this is the best performance of the graphene QHR standards achieved under concurrent (B, I, T)
relaxed experimental conditions to date. Meanwhile, repeated high-accuracy measurements
have demonstrated the robustness of the QHR standards over multiple cool-down cycles and
their long-term stability over several years. In particular, we demonstrated that the quantized
Hall resistance has remained stable within an accuracy of (2 £ 3) nQ/Q over a period of 2.5
years to date. Furthermore, this accuracy has been maintained without any indication of
degradation, even after undergoing long-distance transport between the Physikalisch-
Technische Bundesanstalt (PTB) and the International Bureau of Weights and Measures
(BIPM). The improved performances of our graphene QHR standards are expected to facilitate
a broader dissemination of primary quantum standards beyond the NMIs, extending to

calibration laboratories and industry on-site.
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6.2 Homogeneity of electron density and robustness of graphene QHR

standard

Device Fabrication. The details of graphene QHR devices presented in this chapter follow the
instructions in Chapter 4. Monolayer epitaxial graphene was grown on semi-insulating 6H-
SiC(0001) SiC substrates. The Hall bar structure had a total length of 1600 um and a width of
400 pum. Figure 6.1(a-b) depicts the resulting chip with twelve Hall bars. The Hall bar devices
were coated with a 5-layer F4-TCNQ doping stack The volume ratio of F4-TCNQ/anisole to
PMMA in the doping layer is 25%. The contact resistances were found to be less than 1 Q
ensuring reliable high-accuracy QHR measurements. The graphene QHR standards were stored
at room temperature in a closed chamber filled with a mixture gas of N2 and air, maintaining
the humidity below 40%.

Heating under elevated temperatures. The devices were mounted in a top-loading He4
cryostat with a sliding seal. There is a homemade vacuum chamber connected to the dewar port.
The vacuum chamber is used for the device treatments under different conditions. The cryostat
with this homemade vacuum chamber has the following capabilities: (1) the chamber can be
pumped down to below 1 mbar; (2) gases such as He, N2, and air can be backfilled into the
chamber without contamination by other gases; and (3) the device stored in the chamber can be
heated up to 150 °C and immediately exposed to helium atmosphere for transport measurement
at T =4.2 K. To investigate the effect of exposure gas and heating temperature on the electron
density and mobility, the device G42 was exposed in pure N2 (He or air) and heating at elevated

temperatures.

High-accuracy measurement. The high-accuracy measurements were performed using a
commercial He-4 bath cryostat with a magnetic field of up to 12 T, a temperature of 4.2 K, and
currents from 10 pA to 1000 pA. The s parameter, the deviation and quantization regimes are
discussed in this chapter. The definition of deviation and quantization regimes was discussed
in detail in Section 3.5 previously. Figure 6.1(c) presents a typical quantum Hall measurement
of a graphene QHR device with an electron density of 1.1 x 10%* cm2 at 4.2 K. Due to the low
electron density reduced by F4-TCNQ doping, the onset of the QH plateau (v = 2) was observed
at a magnetic field as low as 2 T. The longitudinal resistance is symmetric with respect to the
magnetic field directions, indicating a homogeneous carrier density distribution across the large
area of the Hall bars (L = 1600 um, W =400 pm).
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A systematic measurement of the electron density was conducted on the twelve nominally
identical Hall bar devices, as described above in Figure 6.1 (a-b). The average electron density
measured was calculated to be n = (1.2 + 0.2) x 10! cm 2, with a small variation among the
twelve devices, as shown in the histogram in Figure 6.1(d). This implies a uniform carrier
density over the entire graphene chip (10 x 5 mm?), which is attributed to the high quality of
the epitaxial graphene layer obtained from the PASG growth technique, and the reliable control
of the carrier density through the F4-TCNQ molecular doping.

=(1.2+0.2)x10"" ecm?

average
g

as-grown n,
'I4 0 4 8 4" 7/ 9|6 T 9,8_ — _100
B (T) n (1011 cm_z)

Figure 6.1 (a) Twelve graphene Hall bar devices with the index on SiC substrate (5x10
mm?). (b) Optical microscopy image of a macroscopic Hall bar device with length L =
1600 pum and width W = 400 um. The white line indicates the area of monolayer
epitaxial graphene. (c) Hall resistance Rxy and longitudinal resistivity pxx as a function
of magnetic field of an F4-TCNQ doped graphene QHR device with carrier density
1.1x10™ cm at 4.2 K. (d) Statistical distribution of the carrier densities in the F4-
TCNQ doped graphene Hall bars. The average carrier density of the twelve Hall bar

devices is (1.2 £ 0.2) x 10" cm™.

To develop a practical graphene QHR standard, it is of the utmost importance that the carrier
density remains stable over multiple cool-down cycles. The carrier density of an unprotected
atomic-thin graphene is highly sensitive to its surrounding environment. Compared to other
doping techniques such as corona discharge, ZEP-photochemical gating, and CrCO3

functionalization that were used in the past [92,93,95], in this study several parallel experiments
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were conducted to demonstrate the robustness and stability of our graphene QHR standards by

molecular doping.

To assess the robustness of the carrier density stability against multiple cool-down cycles, a
graphene QHR Device 42 was cooled down fifteen times successfully. Between the cooling
cycles, Device 42 was annealed for different durations at different elevated temperatures up to
110 °C in gas atmospheres of air, helium, and nitrogen. Figure 6.2 summarizes the results of
the cool-down cycles. The derived electron density (blue) and mobility (red) are plotted against
the number of cool-down cycles. The annealing parameters prior to each cooling down are
marked at the top of the figure. Throughout all cool-down cycles, the electron density of the
device remained within a window of Ans; = 0.40x10% cm™. Meanwhile, the carrier mobility

remained sufficiently stable.
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Figure 6.2 Variation of the electron density and mobility of device G42 at 4.2 K in
fifteen cooling cycles. Between each magnetotransport measurement, the device was
warmed up to room temperature and annealed for different durations at different
elevated temperatures up to 110 °C in gas atmospheres of air (light blue), helium
(yellow), and nitrogen (gray) between the cooling cycles. The annealing parameters
prior to each cooling down are marked on top. The electron density of the device
slightly varies around the average value of 1.8 x 10 cm within a window of Ansz =

0.40 x 10 cm throughout the entire treatment period.
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In addition, other QHR devices from different graphene chips were fabricated with the same
procedure. In total, twenty devices were conducted magnetotransport and high-accuracy
measurements to test their robustness in multiple cooling cycles over a period of 2.5 years. All
devices remained stable and robust, with no mechanical damage to the doping stack or
significant changes in carrier density. These results demonstrate that the F4-TCNQ doped
graphene QHR devices are highly reliable and robust in multiple cool-down cycles. Specifically,
three devices designated G11, G31, and G33 (the numbers corresponding to the device index
on the chip in Figure 6.1(a)) were continuously monitored, and the high-accuracy measurement
results are presented below. These results demonstrate that the F4-TCNQ doped graphene QHR

standards are highly reliable and robust devices in multiple cool-down cycles.

6.3 Long-term temporal stability of carrier density

Between cryogenic measurements, our graphene QHR devices were stored in a closed chamber
with a mixture of N2 and air at room temperature and ambient pressure. Typical results from
device G11 are shown in Figure 6.3, including five measurements in a He-flow cryostat and
four in a He-4 bath cryostat, each at 4.2 K over a period of more than 2.5 years. Figure 6.3(a)
shows Rxy and Rxx measurements for each cool-down cycle. Very broad Ryy plateaus (v = 2)
with an onset at 2.0 T to 2.5 T were observed for each measurement, accompanied by a decrease
in the longitudinal resistance Ry to zero. Figure 6.3(a) presents the symmetry of the longitudinal
resistance with respect to the magnetic field direction, which is consistent with the result in
Figure 6.1(c). This indicates that the electron density distribution in graphene remained
homogeneous over the 2.5 years observation. These results demonstrate that the investigated
graphene QHR devices are as reliable and stable as GaAs-based devices under the given storage
conditions, making them a practical option for resistance metrology.

Table 6-1 and Figure 6.3(b) summarize the electron densities n and mobilities p for each cool-
down cycle. The electron density was observed to be stable, exhibiting only slight variations
around a mean value, rather than exhibiting a clear drift in a particular direction. Indeed, the
arbitrary shifts in the plateau onsets observed over the nine measurements suggest that the
variation in carrier density does not continuously drift in a given direction. The density values
vary by about + 0.2 x 10 cm (+ 16 %) around the average value of n = 1.2 x 10 cm=. We
presume that storing the device in a closed chamber with low humidity at room temperature

helped to maintain a stable electron density within a window of An = 0.4x10! cm™ over the
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study period. The F4-TCNQ doped graphene QHR standard, subjected to the specified storage
conditions, proved to be a reliable method to prevent significant drift of the electron density in
either direction. This observation is consistent with the recent report on the stability of other
epitaxial graphene devices. [49,52]
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Figure 6.3 Repeated quantum Hall measurements of device G11 at 4.2 K over a period
of more than 2.5 years. (a) The Hall resistance and longitudinal resistivity (insert) as a
function of the magnetic field in nine times measurements. (b) Variation of carrier
density and mobility as a function of time. The blue arrows indicate the dates of CCC-
based high-accuracy measurements at a current of 38.7 pA and a temperature of 4.2 K.
On August 30", 2022, the device was subjected to current-dependent measurements at
different currents: 38.7 WA, 155.0 YA, and 232.5 PA.

Table 6-1. Electron density and mobility of device G11 over nine successive cool-down cycles
over a period of two years. The average electron density is (1.20 + 0.16) x 10! cm™. The

electron density varies within a window of Ani; = 0.40 x 10! cm™ over the entire period.

Cool-down Date Time n 1)
cycles [day] [em 2] [cm?V1s?
1 05.01.2021 0 1.07x10% 8884
2_CCC 04.03.2021 58 1.00x10% 9167

3 27.07.2021 203 1.12x10% 8829

4 24.09.2021 263 1.40%x10% 8029

5 28.09.2021 267 1.34x10% 8164
6_CCC 30.08.2022 603 1.35%x10% 8127

7_CCC 07.09.2022 611 1.35x10% 8127
8 CCC 26.04.2023 842 1.08x10% 8954
9 07.12.2023 1066 1.16x10% 8575
Average -- - 1.20x10% 8540
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6.4 Long-term temporal stability of n()/Q-level quantization
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Figure 6.4 Dependence of the Hall resistance quantization on magnetic field for device
GllatT=4.2Kand | =38.7 pA. Device G11 was stored in an N2 container at PTB
for over two years. The relative deviation of Rxy from Rk/2 and the longitudinal
resistivity pxx as a function of magnetic field were investigated over the same time as
the electron density, which experienced some variations with time: (a) 1.00 x 10 cm
2 (b -c) 1.35 x 10! cm™ and (d) 1.08 x 10 cm™. The quantization of the Hall
resistance achieved the nQ/Q-level accuracy in the area highlighted in red (Rxy deviates
from Rk/2 by less than (2 + 3) nQ/Q (k = 2)). The measurements were carried out using

a CCC resistance bridge.

https://doi.org/10.7795/110.20250327
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To investigate the long-term stability of Hall resistance quantization with nQ/Q-level accuracy,
high-accuracy measurements of pxx and Rxy were conducted on several graphene QHR devices.
The results from Devices G11, G31, and G33 are presented below. Device G11 was stored and
measured at PTB for over two years in order to investigate its stability at a fixed location.
Devices G31 and G33 were transported from PTB to BIPM, where sequential high-accuracy
measurements were carried out independently using different CCC bridges and GaAs reference
QHR standards. Device G31 was packed in an N2 container, while device G33 was packed in a
plastic box- in the air - with inner and outer foam protection and shipped at ambient temperature.

Both devices were transported between PTB and BIPM using a commercial express service.

As previously discussed in Section 3.5, the deviation regime was defined by a criterion of a low
but non-zero longitudinal resistivity oxx < 100 m€, and the quantization regime was defined by
the criteria | pxx | = 0 pQ within the uncertainty + 23 puQ. The definition of the quantization
regime presented here is relatively conservative. For a given QHR standard with a small s
parameter, a small non-zero longitudinal resistance below a few hundred micro-ohms Ocould
still guarantee the relative deviation (Rxy - Rk/2) / (Rk/2) < (2 £ 3) nQ/Q in metrology, which

will be discussed below.

Table 6-2. Electron density and mobility of device G33 in four cool-down cycles. The carrier
density was very stable even though the device was shipped from PTB to BIPM. The average
of electron density is (1.37 + 0.10) x 10! cm. The electron density varies within a window of

Angz = 0.28 x 10 cm over the entire period.

Cool-down Date Time n u
cycles [day] [em 2] [em?V-1s1]
1 PTB 18.01.2022 0 1.37x10" 6292

2 PTB (CCC) 12.09.2022 238 1.50=10™ 6628

3 PTB(CCC)  25.04.2023 463 1.40x10" 6757

4 BIPM (CCC) 14.09.2023 605 1.22x10" 7180
Average -- -- 1.37<10" 6714

Figure 6.4(a) presents the quantization regime of Device G11 in magnetic fields ranging from
4 T to 12 T. Within this range, the QHR is equal to Rk/2 with an accuracy of (2 + 3) nQ/Q (k
=2), as measured through high-accuracy measurements. The maximum applied field of 12 T
corresponds to the upper limit of the superconducting magnet. It is expected that the
quantization regime would persist at higher magnetic fields since no breakdown of the Hall
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resistance quantization was observed at 12 T. Moreover, in the repeatable measurements carried
out to date, the quantization regime over a magnetic field from =4 T to 12 T (red background)
has been maintained without any degradation over two years. This result demonstrates the
excellent long-term stability of the graphene QHR standards for disseminating the SI unit ohm.

The n€Q/Q accuracy of QHR has been maintained not only over years in the laboratory but also
after an international shipment between PTB and BIPM. Device G33 was stored at PTB over
one year, and then delivered to BIPM. The carrier density and mobility were measured in both
institutes as shown in Table 6-2. In the monitoring period of 463 days, the electron density of
Device 33 is as stable as Device G11 at PTB, as previously discussed. After the shipment
between PTB and BIPM, the carrier density only has a small decrease of 0.18x10% cm™.
Considering the entire period of 605 days, the carrier density varied around the average value
of n = 1.37 x 10'! cm™ within a window of Anss = 0.28 x 10! cm™. The variations in electron

densities of Devices G33 and G11 are comparable.

Figure 6.5 presents the accuracy of the quantized Hall resistance of Device G33. The QHR is
equal to Rk/2 with an accuracy of (2 + 3) nQ/Q (k =2) in magnetic fields from approximately 4
T to 12 T, even though experiencing a long-distance transport between PTB and BIPM. In the
monitoring period of 605 days, the QHR accuracy of (2 + 3) nQ/Q was maintained with no
degradation. These results further demonstrate the long-term stability of the investigated
graphene QHR standards regarding the time and long-distance shipment. Additional data on

device G31 leading to similar conclusions is shown in the Appendix 1.

Another study of the stability of graphene QHR standards after long-distance shipping between
metrology institutes was recently reported in the reference [50], in which the traveling devices
were shipped in a specific chamber filled with argon. The onset of the quantization regime
obviously shifted to a higher magnetic field after transport over a long distance [50], whereas
this was not observed in our devices. This is attributed to the improved stability of the carrier

density.

In this study, the investigated graphene QHR devices can easily achieve a n{)/€) quantization
level at a magnetic field as low as 4 T and over a wide field range of at least 8 T at 4.2 K. In
contrast, a typical GaAs QHR device only exhibits this level of accuracy at the center of its Hall
plateau, which is about 1 T wide around 10.8 T (v = 2) at 1.3 K. [84,138,168] The wider Hall
resistance quantization in epitaxial graphene is due to magnetic field-dependent charge transfer
between the interfacial layer and graphene. [48,111,135,169] Therefore, epitaxial graphene

offers a distinctive advantage in resistance metrology due to its remarkably broad Hall plateau
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at v = 2. This enables the realization of the SI unit ohm at a low magnetic field and high

temperature (4.2 K).
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Figure 6.5 Dependence of the Hall resistance quantization on magnetic field for device
G33atT=4.2Kand | =38.7 pA at PTB and BIPM. Device G33 was stored in an N>
container at PTB for seven months and then delivered to BIPM. The relative deviation
of Rxy from Rk/2 and the longitudinal resistivity pxx are plotted as functions of magnetic
field. The electron densities determined by measurements at PTB are (a) 1.50 x 10
cm? and (b) 1.40 x 10 cm2, respectively, the corresponding value determined at
BIPM is (c) 1.22 x 10 cm™. The onset of the quantization regime (achieving nQ/Q
accuracy) was observed at about 4 T in all the measurements. Again, the quantization

regime for the Hall resistance is indicated by the area highlighted in red.

The long-term temporal stability of quantization at the nQ/Q level has been independently
confirmed by two metrology institutes after long-distance transport. This further substantiates

the viability of utilizing graphene QHR standards as traveling reference standards, akin to
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GaAs-based QHR standards. These superior performances render graphene QHR standards
viable replacement candidates for GaAs QHR standards, which are currently used in primary

resistance metrology.

6.5 Realization of the SI ohm under relaxed conditions of B, I, and T

simultaneously
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Figure 6.6 (a) Variation of Ryy(B) - (Rk/2) as a function of the experimental
longitudinal resistance Rxx(B) for different B values for Devices G11 and G33. The s-
parameter of 0.13 for Device G11 and 0.06 for Device G33 are extracted from the linear
fit. (b) Dependence of the longitudinal resistivity pxx on the magnetic field at the
following currents | = 38.7, 155.0, 232.5, and again 38.7 YA, for Device G11 at 4.2 K.
The dashed line corresponds to pxx =200 puQ, below which the relative deviation of Rxy
from Rk/2 remains less than 2 nQ/Q. The error bars represent to the combined

expanded uncertainty (k = 2).

For magnetic field B < 4.5 T, as shown in Figures 6.4 and 6.5, the measured relative deviation
(Rxy - Rk/2) I (Rk/2) remains below (2 = 3) nQ/Q (k = 2), while the longitudinal resistivity pxx
increases from zero to a few hundred pQ as the magnetic field decreases. This indicates that
the quantum Hall resistance retains its n€2/€2 accuracy, even though the longitudinal resistivity
pxx deviates slightly from zero. The small longitudinal resistivity pxx observed in epitaxial
graphene at 4.2 K is caused by variable range hopping transport. [111]

This small, but finite longitudinal resistance is accounted for by the s parameter. The s
parameter, or coupling factor, is defined as Ryy(B) - (Rk/2) ='s x Ru(B). [46,84] This definition
implies that the emerged non-zero Ryx is partially mixed into the quantum Hall resistance Ryy,

102
https://doi.org/10.7795/110.20250327



6.5 Realization of the SI ohm under relaxed conditions of B, I, and T simultaneously

thus inducing an error in the quantized Hall resistance Rxy and resulting in the relative deviation
(Rxy - Rk/2) I (Rk/2). [84,170] The s parameter quantifies the extent to which Ry is mixed into
the quantum Hall resistance Ryy for a given QHR device. The small s parameter of the graphene
QHR devices in this study allows for the quantized Ryy (at v = 2) to maintain an accuracy of (2
+ 3) nQ/Q, even though pxx increases to 200 uQ. However, as the magnetic field decreases
further and pxx increases to a few thousand of pQ, the relative deviation (Rxy - Rk/2) / (Rk/2)

increases to several tens of nQ/Q.

Figure 6.6(a) shows the experimental variation of Ry(B) - (Rk/2) as a function of Ru«(B) for
magnetic fields below 4.5 T at a given temperature (4.2 K) and current (38.7 pA). This variation
is consistent with the expected linear dependence of the slope s, as evidenced by the linear
fitting superimposed on the experimental data. For Device G11, the coupling factor derived
from the linear fit is equal to s = 0.13. For this value, an upper limit of pxx <200 uQ ensure that
the relative deviation of the quantized Hall resistance remained within (2 + 3) n)/Q, which is
validated by the measurement of the relative deviation of Ryy(B) from Rk/2 in the experiment as
shown in Figures 6.4 and 6.5 Device G33 has an even smaller coupling factor of 0.06, as

determined from the linear fit.

Figure 6.6(b) shows the longitudinal resistivity of the device G11 as a function of the magnetic
field measured for the following currents: | =38.7 pA, 155.0 pA, 232.5 pA, and again 38.7 pA.
The longitudinal resistivity remains well below 200 p€Q - indicating that the device remains in
agreement with Rk/2 with an accuracy of (Rxy - Rk/2) / (Rk/2) < (2 + 3) nQ/Q - over a wide
magnetic field range from B = 4.5 to 12 T, up to the maximum current of 232.5 pA. Note that
the current value of 232.5 pA is the maximum current that our CCC current source can provide.
The breakdown current at 4.2 K, which results in a significant deviation of Ryy from Rk/2, is

expected to be even higher than this value.

At the lower limit of the quantization regime (B <4.5 T, I = 38.7 pA), the longitudinal resistivity
increases with current, due to a small self-heating effect at high currents. Upon resetting the
current to its initial value of 38.7 pA, the longitudinal resistivity returned to its initial values
within the uncertainty, regardless of the magnetic field. The reversibility of pxx indicates that

the graphene QHR device quantization is robust against currents up to 232.5 pA.

As previously stated, since the three experimental conditions (B, I, T) are mutually constrained
in the physics of the QHE, it is challenging to operate QHR standards under the relaxed
experimental conditions in terms of B, I, and T simultaneously. To achieve nQ/Q accuracy of

Rxy, the GaAs QHR standard typically requires a magnetic field of B~ 10 T, a temperature of T
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~ 1.3 K, and a measurement current of | not exceeding 50 pA. [41] The previous results
presented graphene QHR standards that were operating in a single relaxed condition, while the
rest of the other two were not. [8] [47-53] The investigated graphene QHR standard was
demonstrated to realize the SI ohm with an accuracy of (2 = 3) n Q/Q under the relaxed
conditions of B = 45 T, | = 232.5 pA, and T = 4.2 K simultaneously. To the best of our
knowledge, the fabricated graphene QHR devices described in this study present the best
performance yet reported considering concurrent relaxed conditions, B=4.5T, | =232.5 uA,
and T = 4.2 K. These performances far exceed the operational conditions of the GaAs QHR

standards by a factor of three to ten.

Practically, operating the QHR standard at such high currents can improve and simplify
resistance measurement by allowing for a higher signal-to-noise ratio. Furthermore, operating
at such low magnetic fields only requires a simplified superconducting magnet, which can be
easily integrated into a table-top cryo-cooler system. [171] The nQ/Q accurate QHR achieved
at low magnetic field (< 6 T), high current, and high temperature (4.2 K) provide further
confidence to realize graphene QHR standards integrated into a compact, cryogen-free, table-

top setup for industrial applications and on-site calibrations.

6.6 Limits of quantization as a function of electron density

For the investigated QHR devices, it was observed that the onsets of the deviation and
quantization regimes are reversible as the variation in electron density. Specifically, as the
electron density increases (or decreases), the onset of the quantization regime shifts to a higher
(or lower) magnetic field. For instance, the results of Device G11 are shown in Figure 6.4. The
onset of the quantization regime shifts from 3 T to 4 T as the electron density increases from
1.00 x 10 cmto 1.35 x 10! cm™. In Figure 6.4(d), the onset of the quantization regime shifts
back to 3.5 T as the electron density decreases to 1.08 x 10! cm. Similar behavior is observed
from Device G33 in Figure 6.5 and Device G31 in Figure A2.

Indeed, previous studies have already shown that the dependence of the quantization regime
onset on the carrier density in epitaxial graphene QHR devices [51]. In Ref. [51] the deviation
regime was defined by a longitudinal resistivity 0 < pxx < 100 mQ and the quantization regime
by pxx = 0 within the uncertainty for a current of 38.7 pA and a temperature of 4.2 K. Figure 6.7
presents the onsets of the deviation (light blue) and quantization (bright blue) regimes in the

magnetic fields as a function of electron density. Each bright (light) blue data point corresponds
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to a high-accuracy (magnetotransport) measurement from Devices G11, G31, and G33. These

results are in accordance with the contour plot (red and dark points) presented in Ref. [51].
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Figure 6.7 Deviation and quantization regimes as a function of the electron density (at
zero field) in epitaxial graphene QHR standards. The red and black data points are the
results in the reference [51]. The light and bright blue points are the measurement data
from the devices in Chapter 6. Each data point corresponds to an individual
measurement. The onset of the deviation regime is extracted from the QHE
measurement, and the onset of the quantization regime is extracted from the high-
accuracy measurement. The experimental data of this study are in agreement with the

contour plot drawn from the reference. [51]

In the region of carrier densities n > 1.00 x 10** cm, the onset of the quantization regime is
linearly dependent on the electron density with a coefficient of 0.75 x 10 cm?/T. As the
electron density increases by 0.75 x 10 cm™, the onset of the quantization regime increases
by 1 T. Furthermore, the contour plot in Figure 6.7 presents the width of the deviation regime
as approximately 2 T in the region of electron densities n > 1.00 x 10 cm™. The contour plot
is a 2D map of the deviation and quantization regimes for the epitaxial graphene QHR standards.
According to the electron density in epitaxial graphene, the deviation and quantization regimes
in magnetic field regions can be predicted. For instance, it is necessary to control the carrier

density below 2.5 x 10 cm?, if an epitaxial graphene QHR standard was operated in a table-
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top cryogen-free setup with a simplified superconducting magnet below 6 T. The contour plot
can serve as a benchmark for the epitaxial graphene QHR standards, allowing users to evaluate

the quality of a new QHR device.

6.7 Current-dependent measurement by the current reversal technique

To investigate the breakdown current and the onset/end of the Hall plateau in QHR device, we
performed the current-dependent measurement in another Device G1594-D6_3(chipl)2 HFML
at a high magnetic field up to 35 T. The onset of longitudinal resistance pxx ~ 0 is the boundary
between the classical and quantum Hall states. The method of current reversal measurement

can measure the longitudinal resistance within the uncertainty below 2 mQ.
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] ——1=10pA  n=3.86x10" cm™
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Figure 6.8 The quantum Hall effect measurement with the applied current of 10 pA
(black) and 1000 pA (red) in the Hall channel in a high magnetic field up to 35 T.

The quantum Hall effect measurement with the applied current of 10 pA (black) and 1000 pA
(red) in magnetic field up to 35 T is presented in Figure 6.8. Even though 1000 pA current is
applied, the very wide Hall plateau and zero longitudinal resistance are observed in the
magnetic field range over 18 T. A strong breakdown effect was not observed in such a high
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current, except that the onset of Hall plateau and zero longitudinal resistance slightly shifted to

higher magnetic fields.

The onset of zero longitudinal resistivity at currents of 50 pA, 300 pA, and 1000 pA using the
current reversal measurement is shown in Figure 6.9(a). The uncertainty is higher for low

current because the signal-to-noise is less for lower current.

The onset of zero longitudinal resistance slowly shifts to 8.5 T as the current increases to 1000
uA. However, in such a high current, zero longitudinal resistance is maintained in magnetic
fields from 8.5 T up to 35 T without dissipation transport. Considering the width of the Hall bar
is 400 pum, the graphene QHR can sustain the current density as high as 2.5 A/m and preserve
the Hall plateau at filling factor 2 in magnetic fields from 8.5 T to 35 T at 4.2 K. The sustainable
current density in our device is one order of magnitude higher than the result in the
literature [111].
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Figure 6.9 (a) The onset of zero longitudinal resistivity at currents of 50 pA, 300 pA,
and 1000 pA using the current reversal measurement. The onset of zero longitudinal
resistivity slowly shifts to 8.5 T as the current increases to 1000 pA. Zero longitudinal
resistivity is maintained from 8.5 T up to 35 T without dissipation transport. (b) Current
density in the Hall channel as a function of the magnetic field for the onset of zero

longitudinal resistivity.
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The onsets of zero longitudinal resistance in different current densities as a function of the
magnetic field were plotted in Figure 6.9 (b). The linear fitting implies the boundary of the Hall
plateau at filling factor 2 is linearly dependent on the current density. It was estimated that the
current density increased by 1.58 A/m, and the onset of zero longitudinal resistance in magnetic
fields shifted 1 T.

6.8 Conclusion

Our findings demonstrate that the investigated graphene QHR devices enable the use of
resistance standards to facilitate the realization of the SI ohm under relaxed experimental
conditions due to their long-term stability and robustness. The performance of the graphene
QHR standard is robust and reproducible over multiple cool-down cycles. When stored in a
mixture of N2 and air with low humidity at room temperature, our graphene QHR standards
exhibit Hall resistance quantization with an accuracy of (2 + 3) n{2/Q over a wide magnetic
field range from 4 T to 12 T at 4.2 K. This nQ/Q-level accuracy in the wide magnetic field
range has been maintained for more than two years to date, even after a long-distance transport
between PTB and BIPM where it was independently measured. Furthermore, the graphene
QHR showed agreement with Rk/2 under the simultaneously relaxed conditionsB=45T, | =
232.5 uA, and T = 4.2 K, thereby substantiating their advanced performance. To the best of our
knowledge, this is the most advanced performance ever achieved by graphene QHR standards
for resistance metrology to date. The graphene QHR standards, representing a new generation
of QHR standards capable of operating under relaxed conditions, are ideally suited for
integration into a table-top cryocooler system. Such a compact QHR system is not only capable
of replacing conventional GaAs-based standards for the practical realization of the SI unit ohm

in NMls but also provides on-site access to commercial calibration laboratories and industry.
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Chapter 7. Summary and outlook

7.1 Summary

One of the goals of electrical quantum metrology is to provide resistance standards at the
fingertips of the end-users. Simplifying the operation conditions of QHR standards can shorten
the calibration chain from primary resistance standards to the final product, resulting in higher
accuracy for end users in science, technology, and industry. Developing a new generation of
QHR standards that can operate at relaxed conditions of B, I, and T is the cornerstone of the

electrical quantum standards.

This thesis showed that epitaxial graphene is a promising alternative material to GaAs
heterostructures for developing advanced QHR standards. Four core questions must be
addressed when developing epitaxial graphene QHR standards for practical resistance
metrology. (1) How to grow a high-quality, large-scale, homogeneous monolayer epitaxial
graphene sheet on a semi-insulating substrate. (2) How to develop a technique for the graphene
QHR device fabrication, which is cost-effective, efficient, and compatible with semiconductor
techniques. (3) How to control the extremely high electron density of as-grown epitaxial
graphene to the desired value for the QHR standards. (4) How to make sure the graphene QHR
standards can achieve an accuracy of nQ/Q (10°) at low magnetic fields B < 6 T, high currents
| >100 pA, and high temperatures T > 4.2 K, and to maintain it over years or decades. Previous
studies have demonstrated that high-quality, large-scale, and metrology-grade monolayer
graphene can be grown on semi-insulating SiC substrates by epitaxial growth at high
temperatures, which is the footstone for developing graphene QHR devices. This thesis has

addressed the remaining three core questions.

Technique for graphene QHR device fabrication

A simple, efficient, and cost-effective fabrication process was developed to fabricate scalable,
multiple, and integrated graphene QHR devices on a piece of graphene chip. The device
fabrication is based on optical lithography, rather than the more expensive electron beam
lithography that is commonly used by other groups in the fabrication of graphene QHR
standards. For further technology transfer for commercial QHR devices, this fabrication process

is compatible with the semiconductor technology.
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Control the electron density of epitaxial graphene for QHR standards

A molecular doping technique based on F4-TCNQ molecules was developed to control the
carrier density of as-grown epitaxial graphene. The magnetotransport measurement results
demonstrated that the molecular doping technique successfully reduced the intrinsic carrier
density of epitaxial graphene. By precisely adjusting F4-TCNQ concentration in PMMA, the
carrier densities were controlled to the desired values in a wide range from n-type to p-type
graphene. The lowest controllable electron (hole) density obtained is 6.7x10° cm™ (6.0x10° cm"
2) in n-type (p-type) epitaxial graphene. The observation of asymmetric mobility behavior as a
function of carrier density for electron and hole indicated distinct scattering strengths of charge
carriers in n- and p-type epitaxial graphene. A doping model based on the experiment and DFT
simulation was established to explain the electron transfer between the F4-TCNQ and epitaxial
graphene/SiC surface in the molecular doping process. The F4-TCNQ doping technique is thus

a stable and permanent method for tailoring the carrier density in epitaxial graphene.

The graphene QHR standards with accuracy of nQ/Q (10°)

The superior performance of the n- and p-type graphene QHR standards was characterized by
high-accuracy measurements using a CCC bridge in magnetic fields up to 12 T at 4.2 K. The
high-accuracy measurements identify the deviation (0 < pxx < 100 mQ) and quantization (pxx =
0 within the error bar) regimes in the broad Hall plateau of epitaxial graphene, which was not
described in the literature yet. An extensive investigation from both n- and p-type devices has
observed that the onset of the deviation regime was 2 T lower than the onset of the quantization
regime. In the deviation regime, the QHR deviated from the nominal value Rk/2. In the
guantization regime, the QHR was in agreement with the nominal value Rk/2 within the
accuracy of (1 £ 3) nQ/Q. Thus, the investigated graphene QHR standards guarantee a

metrology-grade accuracy of nQ/Q for primary resistance standards.

The n-type QHR standards exhibited the quantized resistance with an accuracy of (1 &+ 3) nQ/Q
(10°) in magnetic fields from 3.5 T up to 12 T at 4.2 K. This demonstrated the high quality and
performance of our graphene QHR devices. The n-type graphene QHR standards with 5-, 3-,
and 2-layers of doping stacks achieved an accuracy of (1 £ 3) nQ/Q at 4.2 K in high-accuracy
measurements. There is no preference for any of the three investigated layer sequences as long
as the required carrier density is obtained. Moreover, a systematic investigation of the n-type
graphene QHR standards with different carrier densities was conducted by the high-accuracy

measurements at 4.2 K. By controlling the carrier densities of n-type graphene QHR devices,
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the onset of the quantization regime was measured as a function of carrier density. Furthermore,
a 2D contour plot of the quantization regime as a function of electron density and magnetic
field in n-type QHR devices revealed the correlation between the quantization regime and the
electron density and the magnetic field. This represents the first detailed study of the electron

density-dependent quantization regime of epitaxial graphene.

The p-type QHR standards also exhibited the quantized resistance with an accuracy of (1 + 3)
nQ/Q (10°) at the lowest magnetic field of 3.5 T at 4.2 K. A contour plot of the quantization
regime in p-type QHR devices was derived for comparison with that of n-type devices. The
correlation between the quantization regime and the electron densities was also observed in p-
type QHR standards. The magnetotransport measurements observed the hole mobility is smaller
than the electron mobility at the same carrier density. In the high-accuracy measurements, the
onsets of deviation and quantization regimes of the p-type QHR devices were observed at higher
magnetic fields than that of the n-type QHR devices. Thus, the 2D contour plot of n- and p-type
QHR devices was formed to be asymmetric with respect to the carrier density. These results are
attributed to the stronger scattering in p-type epitaxial graphene.

Currently, no comprehensive theory or model describes the correlation between the
quantization regime and the electron density in n- and p-type epitaxial graphene. According to
the systematic experimental results, the 2D contour plot serves as a two-dimensional map that
guides the deviation and gquantization regime in a magnetic field. Thus, the contour plot is a
benchmark for the community to evaluate the quantization regime of an epitaxial graphene
QHR standard with a specific electron density. This provides a highly practical benefit for the

application of graphene QHR standards in quantum resistance metrology.

Stable accuracy of quantized Hall resistance over the years

The graphene QHR standards in this thesis facilitated the long-term stable and robust realization
of the SI ohm under relaxed experimental conditions. The performance of the graphene QHR
standard was shown to be robust, reproducible, and reliable over multiple cool-down cycles.
When stored in a mixture of N2 and air with low humidity at room temperature, our graphene
QHR standards exhibit Hall resistance quantization with an accuracy of (2 + 3) n€/Q over a
wide magnetic field range from 4 T to 12 T at 4.2 K. This nQ/Q-level quantization in the wide
magnetic field has been maintained for more than two years to date, even after a long-distance
transport between PTB and BIPM where it was independently measured. Furthermore, the

graphene QHR standards achieved an accuracy of n€/Q in realizing the SI ohm under the
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simultaneously relaxed conditions B = 4.5 T, | = 232.5 pA, and T = 4.2 K, underlying their
advanced performance. To the best of our knowledge, this is the most advanced performance
ever achieved by graphene QHR standards for resistance metrology to date. The graphene QHR
standards, representing a new generation of QHR standards capable of operating under relaxed
conditions, are ideally suited for integration into a table-top cryocooler system. Such a compact
QHR system should not only be capable of replacing conventional GaAs QHR standards for
the practical realization of the SI ohm in NMIs but also could be readily accessible to

commercial calibration laboratories and industry for on-site primary resistance calibration.

7.2 Outlook

Reviewing the history of graphene QHR standards, two landmarks have been achieved in the
history of graphene QHR standards. In the years 2010 to 2012, it was demonstrated that the
nQ/Q-level accuracy of the quantum Hall resistance can be achieved in epitaxial [8] and
exfoliated [140] graphene QHR standards. However, the nQ/Q-level accuracy of the quantum
Hall resistance was only achieved at high magnetic fields (B > 10 T) and mK temperatures due
to the low quality of graphene. The second landmark was in the years from 2019 to 2024. The
graphene QHR standards are now capable of achieving the nQ/Q-level accuracy at B < 6 T and
T = 4.2 K. The next landmark would be developing the graphene QHR standard at T > 4.2 K
and B < 3 T, which is the magnetic field of the permanent magnet can reach. Here, two ideas
are discussed to achieve this goal.

1. Monolayer epitaxial graphene QHR standard worked in permanent magnet (B <3 T)

In the past, the epitaxial graphene QHR standards should be operated in high magnetic fields
(B>6T) at liquid temperature (4.2 K), not to speak of the conventional GaAs QHR standards.
In this case, expensive superconducting magnets are required to be immersed in liquid helium
to generate high magnetic fields. Only advanced laboratories in universities and metrology
institutes can operate the QHR standards in experiments. Another important barrier is the
expertise needed to run the system. In this thesis, the epitaxial graphene QHR standards
achieved the nQ/Q-level accuracy of the quantum Hall resistance at a magnetic field of 4.0 T
at liquid helium temperature (4.2 K). This performance allows for the graphene QHR standards
to operate in a cryogen-free, table-top system for resistance calibration. In this compact system,
the heavy superconducting magnet is replaced by a very small superconducting magnet that is

7.5 cm tall with an outer diameter of 6 cm [171], which can reach magnetic fields up to 6 T.
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We can thus observe a big progress of the graphene QHR standard. However, this is not the end
of the graphene QHR standards. There is still potential to improve the performance of graphene
QHR standards and simplify the resistance calibration system. One of the goals of modern-day
metrology is to provide quantum standards at the fingertips of the end-users.

Nowadays, permanent magnets can reach 3 T at room temperature. [172-174] Hence, the next
landmark is to develop a QHR standard that can operate in such a permanent magnet. According
to the prediction in the contour plot in Figure 6.7, to operate the epitaxial graphene QHR in
magnetic fields below 3.0 T, the electron density would be reduced to 5x10%*° cm. However,
for the epitaxial graphene on a 6H-SiC substrate with electron density < 5x10%° cm™, the nQ/Q-
level accuracy of quantized resistance deviates from the theory value Rk/2. This is due to the
disorder in epitaxial graphene, resulting in the broadening of the Landau level. The energy
strength of disorder in epitaxial graphene with low electron density is estimated at about 12
meV in experiments [130], which is comparable with Fermi energy Er ~ 26 meV (ne = 5x10%°
cm2). The disorder in epitaxial graphene originates from the variation of electron density on
different types of terraces, the charge puddles, and charge impurities.

It has been reported that the SiC stacking order can induce doping variation in different terraces
in epitaxial graphene on 6H-SiC substrate. [175] Epitaxial graphene exhibits periodic ~0.25 and
~0.50 nm step heights on 6H-SiC substrate, as shown in Figure 3.4. The periodic sequence of
the non-identical SiC terraces leads to the termination-dependent polarization doping, resulting
in the variation of doping levels and electron densities on different types of terraces. Therefore,
the carrier density periodically varies on the non-identical terraces in epitaxial graphene on 6H-
SiC substrate. The inhomogeneous polarization doping and electron densities are the disorders

in epitaxial graphene that result in the broadening of Landau levels.

The epitaxial graphene grown on 4H-SiC substrates has an identical polarization doping since
the equivalent terrace terminations on the overlying graphene layer. There is no variation of
electron density in graphene on 4H-SiC substrate, which would have less disorder compared
with the graphene on 6H-SIiC. The graphene on 4H-SiC substrate for QHR standards would
achieve the nQ/Q-level accuracy of quantized Hall resistance in a magnetic field below 3 T.
The epitaxial graphene on 4H-SiC is thus a promising candidate for developing QHR standards

operating at permanent magnets at T > 4.2 K.

2. Graphene on hBN for QHR standards
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As shown in Figure 5.10, the quantization regime of n- and p-type epitaxial graphene on SiC is
limited at a magnetic field ~4.0 T. As the magnetic field decreases further, the nQ/Q-level
accuracy of the quantized Hall resistance is destroyed due to the inevitable disorder in the
epitaxial/SiC hybrid system. To achieve a highly accurate quantized Hall resistance in a lower
magnetic field, it requires to reduce the energy strength of the disorder as low as possible.

Epitaxial graphene on hBN could be an ideal hybrid system.

It is well-known that exfoliated graphene on hBN results in very high mobility and very low
disorder due to the hBN strongly screening the charged impurities in the substrate. There are
two options to obtain the epitaxial graphene/hBN hybrid system for the QHR standards. (1)
Transfer of large-scale monolayer epitaxial graphene to the hBN substrates to fabricate
graphene QHR standards. Such exfoliated graphene is widely used to transfer to hBN substrates.
However, the size of exfoliated graphene is limited in micro-meter flakes with arbitrary shapes
by the transfer process. Due to the original milli-meter size of epitaxial graphene (10x5 mm?),
it should be possible to obtain large-scale epitaxial graphene on hBN substrate by a transfer
process. (2) Growth of graphene on hBN substrates directly. It has been reported that the
graphene was grown on hBN by CVD growth. [176] The large-scale graphene on hBN grown

by CVD could become a promising platform for accurate QHR standards in the future.

3. Graphene QHR standards at high temperatures, T > 77 K

In the future, one could explore the QHR standards based on new materials, which can work at
magnetic fields below 3.5 T and temperatures above 77 K, the liquid N2 temperature. Liquid
N2 is much cheaper and much easier to access than liquid He. To obtain such QHR standards
operating above 77 K at magnetic fields below 3.5 T, quasi-free-standing monolayer graphene

or graphene on hBN substrates could be explored.

For the monolayer epitaxial graphene, the accuracy of quantized Hall resistance above 25 K
degrades due to the remote interfacial phonons scattering in QH transport. The remote
interfacial phonons originate from the oscillation between the graphene and buffer layer. There
is no buffer layer between graphene and SiC layers in quasi-free-standing monolayer graphene.
Therefore, remote interfacial phonons do not exist. The main challenge in quasi-free-standing
monolayer graphene is the high hole density (~5x10%2cm2). [177] Prior to the development of
QHR standards, it is necessary to find a suitable strong donor molecular to reduce the hole
density to 10 cm. The quasi-free-standing monolayer graphene with hole density on this
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level could be a candidate to observe the highly accurate quantized Hall resistance at high

temperatures.

4. Universality of Rk with comparison graphene QHE against topological insulator QAHE

The QHE is a fascinating macroscopic quantum effect occurring in two-dimensional (2D)
conductors that has become one of the cornerstones of the worldwide reference system for
scientific and industrial measurements. [84] In theory, the quantum Hall resistance is
considered to be a topological invariant, not altered by electron-electron interaction, spin-orbit
coupling, or hyperfine interaction with nuclei, and insensitive to the much more subtle
influences of gravity. [178] In 2009, a theory work predicted a quantum electrodynamical
correction to the von Klitzing constant of the order of 10%° for practical magnetic field
values. [179] The hypothesis of resistance quantization units of h/ve? and its invariance in terms
of material, electronic property, and different types of quantum Hall effect (integer quantum
Hall effect and quantum anomalous Hall effect) must be tested experimentally. Because of the
fundamental nature of the Hall resistance quantization, experimental tests of its universality are
of the utmost importance, especially for improving our knowledge of two fundamental

quantities of nature: the electron charge and Planck’s constant.

The universality of integer quantum Hall effect in epitaxial graphene with that in GaAs/AlGaAs
heterostructures has been demonstrated with the relative standard uncertainty of 8.6x10
11 [45,139] This is the most stringent test of the universality of the QHE in terms of material
independence. However, the uncertainty of the resistance quantization observed in the
experiment (1011 is nine orders of magnitude higher than that predicted in theory (10%°).
Moreover, the accurate comparison of resistance quantization in epitaxial graphene and
GaAs/AlGaAs heterostructures is based on the same type of quantum Hall state, the integer
QHE. Itis worth implementing an accurate comparison measurement that can further prove the
universality of Rk with higher accuracy over 10 and the universality of Rk in terms of different

types of quantum hall states and materials simultaneously.

At PTB, excellent graphene QHR devices are available, which showed 10 accuracy of Rk/2
based on the integer QHE. Colleagues from PTB also demonstrated that the excellent
topological insulator BiSbTe device from Wiirzburg can achieve 10 accuracy of Rk based on
QAHE. [180]
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By connecting a topological insulator device to one side of the CCC bridge, and two graphene
devices in series to the other side of the CCC bridge, one could directly compare the universality
of Rk in terms of graphene and topological insulator BiSbTe. In this measurement, it should be
possible to achieve accuracy of Rk on the level of 10" or lower. Further, this experiment will
demonstrate how accurate the universality of Rk can reach and where the limit of the quantum

frontier of R is.

The graphene QHR standard is based on the integer QHE, while the topological insulator
BiSbTe is based on QAHE. Such experiment could further prove the universality of Rk over
two independent materials (devices) and two independent Hall effects (QAHE and QHE) with
sharing impact both on metrology and fundamental research.This would be a milestone in the

field of quantum Hall effect and resistance metrology.
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A.1 Stability of quantization after long-distance transport: Device G31

The device G31 was shipped from PTB to BIPM and finally returned to PTB. During the
shipment, the device was packed in a glass bottle filled with N.. Magnetotransport and high-
accuracy measurements of the device G31 were performed in both institutes over a period of
about two years. Broad Ryy plateaus (v = 2) in magnetic fields above 4 T are observed in each

measurement, accompanied by a vanishing longitudinal resistance.

Table Al.1 and Figure Al.1 present the variation of electron density and mobility in seven
successive cool-down cycles measured at PTB and BIPM. At BIPM, the device was stored in
air with high humidity (80%) between the two cool-down cycles. The electron density was
observed reduced from 2.31 x 10 cm™ to 1.09 x 10! cm. It has been reported that water
vapor has a p-type doping effect on graphene surfaces. The slight reduction in electron density
could be explained by the diffusion of the water vapor through the doping stacks. However, this
p-type doping is not stable. The doping effect is reversible when the water vapor is desorbed
from the doping stack. At PTB, the device was stored in an N2 container without humidity at
room temperature. When the device was returned to PTB and stored in a dry environment, the
electron density slowly increased to a value above 2.00 x 10! cm and then fluctuated around

a mean value of 2.30 x 10! cm in the following period of over 1.5 years.

Table Al-1. Carrier density and mobility of Device G31 in seven cool-down cycles. Device
G31 was shipped from PTB to BIPM and finally returned to PTB.

Cool-down Time n M
cycles [day] [ecm?] [cm?V-isi]
1 PTB 0 9.06x10%° 9420

2 BIPM(CCC) 30 2.31x10% 6537
3_BIPM (CCC) 56 1.09x10% 9362
4 PTB 74 1.56x10% 7425
5 PTB 136  2.09x10% 6598
6_PTB (CCC) 486 2.48x10“ 6679
7 PTB(CCC) 714 2.04x10% 6689
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Figure Al.1 Variation of carrier density and mobility of Device G31 as a function of time. The
blue arrows indicate the dates of CCC-based high-accuracy measurements at a current of 38.7
MA and temperature of 4.2 K. Device D31 was stored in a closed chamber with the mixture of
N2 and air at a low humidity below 40% at room temperature at PTB. Subsequently, the device
was placed in a glass bottle filled with N2 and transported from PTB to BIPM by commercial
express. Device D31 was stored in air at a high humidity range from 50% to 80% at room
temperature at BIPM. Upon its return to PTB, the device was once again stored in the closed

chamber with low humidity at room temperature for the long-term stability investigation.

Figure Al1.2 presents the high-accuracy measurements of Device G31 at a temperature of 4.2 K
and a current of 38.7 A in two metrology institutes, PTB and BIPM. The quantization regime
was observed at 5.5 T, as marked in red. The accuracy of the graphene QHR standard has
remained at both institutes without any sign of degradation. In Figure A1.2(b), the quantization
regime shifts to 4.0 T because the electron density is reduced from 2.31 x 10 cm? to 1.09 x
10! cm, which is consistent with the contour plot in Figure 6.7. With the electron density
increasing, the quantization regime is shifted to =5.5 T again, as shown in Figure Al1.2(c). The

onset of the quantization regime is correlated with the electron density.
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Figure Al.2. Dependence of the Hall resistance quantization on magnetic field for device G31
at T=4.2 Kand | =38.7 pA at two metrology institutes, PTB and BIPM. Device G31 was
stored in an N2 container at PTB and then delivered to BIPM. The relative deviation of Ryy from
Rk/2 and the longitudinal resistivity pxx are plotted as functions of the magnetic field. The
electron density values measured at BIPM are (a) 2.31 x 10** cm 2 and (b) 1.09 x 10 cm?,
respectively; the values measured at PTB are (c) 2.48 x 10! cm and (d) 2.04 x 10* cm™. The
onset of the nQ/Q-level quantization was observed at about 4 — 6 T in all the measurements.

Again, the magnetic field ranges in which a nQ/Q-level quantization is reached are highlighted
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A.2 Metal and insulating behavior of F4-TCNQ doped graphene

The density-dependent and temperature-dependent conductivity (resistivity) in exfoliated
graphene have been widely investigated in experiments and theory. The temperature
dependence of the graphene conductivity (resistivity) arises from many competing mechanisms,
even without considering any phonon effects, such as thermal excitation of carriers from the
valence band to the conduction band, temperature-dependent screening, thermal activation
across the potential fluctuations associated with the electron-hole puddles. [181] Due to the
additional interaction between the graphene and the buffer layer/SiC, the density-dependent and
temperature-dependent resistivity in epitaxial graphene exhibits unique transport properties.

Here, the temperature-dependent sheet resistance was investigated in epitaxial graphene with
different electron densities. By precise adjustment of the F4-TCNQ concentration, the carrier
density in epitaxial graphene can be tuned to different levels, as discussed in Chapter 4. Figure
A2 presents the sheet resistance as a function of temperature for different electron density Hall
bar devices. At the temperature below 30 K, the sheet resistance increases as the temperature
decreases. This increasing sheet resistance at T < 30 K in epitaxial graphene is attributed to the
Aronov-Altshuler electron-electron correction and weak localized contribution. [182] At the
temperature from 30 K to 300 K, the sheet resistance of graphene exhibits metal behavior for
the high electron densities (ne > 1.11x10* cm), and insulating behavior for the low electron
density (ne = 5.47x10%° cm™).

(a) 25 T T v T v T T T T T T (b) T T T T v T T T T
——n, =5.47x10° em™ 104 n, = 5.47x10° cm? |
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© o
TN —— ]
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2 54 1=
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Figure A2 Temperature dependence of sheet resistance p of the F4-TCNQ doped epitaxial
graphene with different electron densities. (a) The sheet resistance, and (b) the ratio of sheet

resistance as a function of temperature for the F4-TCNQ doped epitaxial graphene.
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A.3 Observation of the breakdown of Fermi-level pinning

Here, we observed the breakdown of the Fermi level pinning in epitaxial graphene with
extremely low electron and hole densities. At the electron density on the level of 10 cm?, a
very broad plateau was observed in magnetic fields up to 35 T at 4.2 K, as shown in Figure
A3(a). As the electron density decreases to the level of 10° cm, the very broad plateau still
exists. The data didn’t present here. However, as the electron density decreases to the level of
10° cm™, the plateau starts to be observed at 0.3 T and breaks down at 5 T. A similar result was
also observed in the p-type graphene. The extremely high density of epitaxial graphene obtained
by F4-TCNQ doping. In Figure A3, the Hall plateau onset is observed at 0.5 T, and the plateau
starts to break down at 1.3 T. In contrast to the well-known wide and robust Hall plateau in high
electron density (~ 10* cm?), the rather narrow plateaus at v = 2 in low electron and hole
densities (~ 10° cm™) were observed. The narrow plateau indicates the breakdown of the Fermi

level pinning in the epitaxial graphene with extremely low carrier density.

T=42K
(a) 15 T T T T T T T T T T 6
~ 121 11 -2 =
g ol ng = 2.32x10°" cm 4G
> 6- ps= 7065 cm?/ Vs X
£ 8 L2 &
31 I
O _ — 1 - T - T T T T 1T T T T 1 ] O
0O 5 10 15 20 25 30 35
(b) 15 | T T T T T T T T T T T 30
g 15 ( n, =5.28x10°cm? | 20 g
6. He= 52038 cm?/ Vs —
g, -L’//* 10 £
0_ T T T T T T T T T T T -0
0 2 4 6 8 10 12
(C) -15 ] T T T T T T T T T T T 30

-12 F
g (_\ -20G
2 99 n, = 6.50x10° cm? L=
& :gz 1, = 47912 cm?/ V F10 €
0 -0

O 2 4 6 8 10 12
B (T)

Figure A3 The breakdown of the Fermi level pinning in epitaxial graphene. The QHE
measurements of epitaxial graphene with an electron density of (a) 2.32x10% cm, (b) 5.28x10°
cm2, and hole density of (c) 6.50x10° cm™ at 4.2 K.
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A.4 Temperature-dependent QHE of p-type epitaxial graphene

Figure A4 presents the temperature-dependent QHR of p-type epitaxial graphene. The carrier
density is reduced by F4-TCNQ doping to an extremely low value in p-type, nn = 5.14x10° cm-
2 (EF = 8.4 meV) at 1.4 K. The hole density increases as the temperature increases, as shown in
Table A4-1. At temperatures above 77 K, the thermal excitation of carriers from the valence
band to the conduction band dominates the Hall slopes. Due to the ambipolar carrier transport
(coexistence of electrons and holes by thermal excitation) at T > 77 K (6.6 meV), the absolute
values of Hall slopes dramatically decrease, and the Hall plateau is destroyed. At temperatures
below 77 K, only holes dominate the QH transport, while the thermal excited electron can be

ignored.
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Figure A4 (a) The Hall resistance Ryy and (b) the longitudinal resistivity pxx as a function of the
magnetic field at temperatures from 1.4 K to 277 K in magnetic fields up to 9 T for p-type

epitaxial graphene. The current is 1 pA in the quantum Hall effect measurement.

Table A4-1 presents the hole density (in zero magnetic fields) of p-type epitaxial graphene at T
<77 K. The carrier density is calculated from the Hall slopes. In the absence of charge transfer
process, in theory, the central position (B) of the Hall plateau at v = 2 in magnetic fields is
presented in the Table. The value B is calculated from the theory B = nnh/(2e), where nn is the
hole density, h the Plank constant, and e the elementary charge. The experimental central
position (B*) of the Hall plateau at v = 2 is determined at the minimum longitudinal resistance
in magnetic fields. The central position is larger in experiment (B*) than in theory (B). This can
be explained by the charge transfer model in epitaxial graphene. [111,135,141] According to
the experimental value of B*, the hole density in magnetic fields can be deduced, nh(B*) =
2eB*/h, as presented in Table A4-1. Thus, the amounts of holes transferred from the SiC

substrate to graphene in a magnetic field are calculated by Ann = nn(B*) - nn.
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Table A4-1. The temperature-dependent QHE measurements. The hole density of p-type

epitaxial graphene increases as temperature increases. The experimental central position (B*)

of the Hall plateau at v = 2 is determined at the minimum longitudinal resistance in a magnetic

field. The amount of charge transfer in magnetic fields at different temperatures is calculated.

Central position of plateau at v =2 « An, =
T My (8=0) My (5*) w*

(K) (cm2) 2 n =T

Theory B (T) Exp. B* (T) (cm) (cm?)
1.4 | 5.14x10° 0.106 0.720 3.48x101° 2.97x101°
2.1 5.55x10° 0.115 0.780 3.77x101° 3.22x101°
3.0 | 6.11x10° 0.126 0.820 3.97x101° 3.36x101°
42 | 6.50x10° 0.134 0.845 4.09x101° 3.44x1010
6.0 | 7.04x10° 0.146 0.870 4.21x101° 3.50x101°
10 8.07x10° 0.167 0.913 4.42x101° 3.61x101°
20 | 1.07x10'° 0.221 1.042 5.04x101° 3.97x101°
40 | 1.98x101° 0.409 1.276 6.17x101° 4.20x101°
50 | 2.69x101° 0.555 1.414 6.84x101° 4.15x101°
60 | 3.56x10'° 0.736 1.532 7.41x101° 3.85x101°
77 | 6.00x10° 1.241 1.700 8.22x101° 2.22x101°
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