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1 Executive Summary

Introduction

The units of electricity play a key role in industrial, scientific and technological applications since the
measurement of nearly all other quantities relies on them at some point. Electrical resistance is traced to
the quantum standard using the quantum Hall effect (QHE, a quantum electronic effect that allows accurate
realisation of Pl a nc k 6 s amdcelementary ¢charge). This project developed a QHE system using
accurate and simple to use standards of electrical resistance based on graphene. Graphene, the two-
dimensional crystal of carbon, has many extraordinary properties and characteristics which surpass those
of other materials. This project paves the way to a robust, simpler to operate and cheaper, yet precise
system for electrical measurements. This will benefit all NMIs, measurement services in Europe, and all
industries relying on their service.

The Problem

While quantum electrical voltage standards are widespread and easily transported, primary quantum
resistance standards are only available at national measurement institutes (NMIs) and the resulting
calibrations lose precision at every link of their long chain, which leads to a loss of time and money due to
periodic recalibrations of secondary standards. Up until now the equipment needed for exploiting the QHE
is very specialised and expensive and requires highly experienced staff.

A QHE system which is simpler, transportable, and provides the primary reference closer to the end user
will reduce the cost and inconvenience of traditional calibration chains, constituting a real breakthrough for
European and worldwide metrology.

The Solution

Graphene exhibits the QHE at lower magnetic fields and closer to room temperature than any other

material, offering an opportunity to create a QHE system using graphene and widely available laboratory
equipment, such as simple cryo-coolers and liquid helium dewars. The material could therefore help to
create simpl e antdoppbordyadtlemsé bvemichh coul d be depl oyed
current resistance standards, - into smaller NMIs, into industry, or allowing a dedicated QHE reference at

the point of use.

This project underpins this opportunity by addressing advanced fabrication methods for graphene materials,
methods for its reliable characterisation, the testing of the precision limits with respect to temperature,
magnetic field and measurement current, as well as the development of dedicated simplified measurement
equipment, in order to investigate and produce a graphene QHE resistance standard and simplify the
resistance traceability chain.

Impact
This project used materials science and improved measurement precision to build stable graphene devices

that can operate in relaxed conditions of higher temperature and lower magnetic field, and can be used as
quantum resistance standards for the electricity community. The results have considerably advanced the
ability to utilise the quantum based representation of resistance and impedance measurement units.

As project collaborators, the acknowledgement and involvement of the Bureau International des Poids et
Mesures, BIPM, was valuable in ensuring maximum impact in the worldwide measurement system.

This acknowledgement is reflected in the March 2015 News article of the Consultative Committee for
Electricity and Magnet i sSgnific€hCheolress anhihie quantum Halltefeet withh at A
graphene sampl es implerwand lowel aost diuantum resistance standards, and in
consequence to their wider use.0

In addition, the collaboration between BIPM and the project is highlighted in a September 2015 News article
ofBIPMwhi ch salyns tthheaté AiGr aphOhm EURAMET project, sampl e
for calibration e (BPI M) envisage(s) being able to i
The coll aboratiome éi mVesot ii qavtoil vredoft a new generation
€ accompany the new.@raphene reference
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The outputs of the project have already been taken up by several industrial companies who are developing

systems that utilise the benefits of the graphene technology developed during the project, including:

1 UK based Oxford Instruments plc, collaborating with NPL, has produced a closed cycle cooler system
adapted for graphene QHE measurements which is now available.

1 Swedish based company GraphenSIC, linked to Linképing University, has produced a compact low-field
magnet insert for Helium dewars, including a graphene QHE device, which is now available.

I Canada based company Measurement International, cooperating with the project consortium announced
production and marketing of a dedicated graphene QHE resistance standard system.

The ability to measure quantum electrical resistance and impedance precisely by the end user, with a
reduced length calibration chain, will save money and time for end users.

Parts of such characterisation systems, like dedicated cryo-coolers are available already. Knowledge
transfer programmes in national or European funding schemes have the potential to lead to a complete and
standalone commercial system within the next five years.

2 Project context, rationale and objectives

2.1 Context

Electrical resistance, the ratio of applied voltage and current in an electrical circuit, is one of the most
important of all measurement quantities, from a fundamental as well as from a practical point of view.

The fundamental reason for its importance is its role in the forthcoming revision of the International System
of Units, SI, scheduled for 2019. In the revised SI, a resistance R will be traced to a combination of two
fundamental constants, Planck's constant h, and elementary charge e. When resistance is combined with
electrical voltage U, derived from another combination of the same constants, also the unit of mass, the
kilogram, can be traced to h by exploiting the relation for electrical power, P = U?/R, in an electromechanical
balance, the so-called Kibble balance. The thus established connection between mechanical and electrical
units will be the key cornerstone of the revised SI.

The practical reason for the importance of electrical resistance results from the outstanding role which

6el ectronicsdé plays in almost all areas of industry,
is determined by the ratios of voltages and currents, and for developing any kind of electronics it is essential

to know the resistance of the electrical components. A further practical reason is the strong dependence of
resistance on material properties and temperature which is exploited in resistive sensors. Resistance
thermometers, for example, are the most widely used type of thermometer, and the determination of many

other material properties is often done via a measurement of resistance values.

The unit of temperature, Kelvin, will in future be derived from the value of the Boltzmann constant, ks. The
most promising practical realisation will make use of the Johnson-Nyquist noise of a resistor, whose value
has to be known precisely. This once more underpins the importance of the unit of resistance.

The effect which allows the direct tracing of a voltage/current ratio to h and e is the quantised Hall Effect,
QHE. After its discovery in 1980 the precision of resistance measurements was nearly immediately boosted
by some two orders of magnitude. Only ten years later, in 1990, such a high precision was reached, that
by international agreement it was decided to perform all electrical measurements within a sub-system of
the SI, calledcbtcboboabkntuthohab system. This situation w

However, the practical use of the QHE always remained restricted to only a few high-level standards
institutes, due to demanding QHE operation conditions which required very low temperatures and very high
magnetic fields.

While the QHE had boosted the accuracy level of measurements considerably, the restrictions for its
practical use needed to be relaxed in order to bring this accuracy improvement closer to the industrial end
users. No user of metrological services, and often not even national measurement institutes (NMis), could
take direct advantage from the perfect fundamental constant based standards for the reasons mentioned
above. While systems for the unit of voltage can easily be transported and were widespread already, there
was a need to achieve the same level of simple dissemination for quantum standards of resistance.

Graphene, a flat regular honeycomb network of carbon atoms, allows observing the QHE at much higher
temperature and much lower magnetic field than any material known before. However, after the
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demonstration of its basic suitability as a quantum resistance standard, the technology steps to develop a
simple to use quantum resistance system around it still needed to be made.

To this end several issues had to be addressed. The improvement of the material, of methods for its reliable
characterisation, the testing of the precision limits with respect to temperature, magnetic field, and
measurement current, as well as the development of dedicated simplified measurement equipment were the
main topics addressed in the project.

2.2 Objectives

The outcomes of this project are key components for a simplified primary resistance standard, namely a new
type of quantum device, the established technology to produce it, and the prototype measurement setup to
make optimal use of it. With these key components industrial collaborators have the chance to transform
them into a commercial system. Such a system will eventually allow small country NMls, dedicated
calibration labs, and calibration departments in companies to provide the best possible calibration services
for the quantities electrical resistance and capacitance.

Specifically, the following five main objectives were addressed:

1 Advanced fabrication methods for graphene materials and of QHE devices to fulfil requirements
in terms of homogeneity, contact resistance, size. The goal is fabrication of graphene material and
devices with optimised parameters, which are stable under typical usage conditions involving
repeated cool-down cycles.

1 Develop procedures for precise, quantitative, non-destructive characterisation of graphene
and graphene devices combining structural, chemical and physical methods.

1 Explore and understand the limits of achievable uncertainty by precision QHE measurements
on graphene under less demanding experimental requirements of temperature and magnetic field.

1 Assess the potential of a graphene-based impedance standard by investigating ac-losses in
graphene devices and demonstrate the QHE effect at ac frequencies in graphene.

1 Develop customised cooling and measurement instrumentation to support the simplified use of
a graphene resistance standard. This includes a non-cryogenic measurement bridge with
performance similar to that of a cryogenic one.

The advancement of fabrication of graphene as well as of devices based on graphene is an absolute
prerequisite for its use in metrology. Metrological requirements often differ strongly from typical
requirements in, e.g., electronics industry production cycles. Large dimensions of the active electrical part,
an extremely high homogeneity across those dimensions, and the maintenance of these properties during
subsequent stages of processing are typical such requirements.

Characterisation methods during all stages of development are needed to control the processes, and they
need to be tailored to the special requirements of the material. They should at the same time be simple in
application, reliable in their results, and economic to establish and use.

The metrological core of the project was the exploration of the limits (in terms of operating temperature,
drive current, and magnetic field) under which precision QHE measurements on graphene can be
performed. The clearly set goal at project start was to demonstrate a relative uncertainty below 1 part in
108 above 4 K in temperature at a magnetic field below 5 T with current levels in the tens of A range.

Operating QHE devices at ac-frequencies should also allow them to be used as a quantum standard of
impedance, but this had been shown only for GaAs-based devices. In order to assess the potential of
graphene for this additional application dimension, the project set out to investigate ac-losses in graphene
devices and to demonstrate the ac-QHE effect.

Finally, a simplified standard with potential for knowledge transfer also needs customised instrumentation

to simplify its daily use. This specifically includes vital instrumentation for scaling of the singular QHE value

of 12.9 kY to the full range of resistance values r e
helium for cooling.
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3 Research results

3.1 Development and advancement of graphene and graphene device fabrication

The advancement of the fabrication of graphene as well as of devices based on graphene is an absolute
prerequisite for its use in metrology. At project launch, several partners dedicated resources to the graphene
growth task (LiU and KRISS) and to the graphene device fabrication task (Chalmers, RISE, KRISS, and
PTB). Rather early it became obvious that more efforts are highly desirable, for work to be done within the
project, as well as for additional development threads with scope beyond the project. Therefore, graphene
growth capabilities were also established at VTT (in cooperation with Aalto university), at LNE (in cooperation
with CNRS institutes), and at PTB.

3.1.1 Fabrication of epitaxial and CVD graphene films

The methods for the growth of graphene material have been considerably advanced in the project. One of
the main challenges during the growth of graphene on silicon carbide (SiC) crystals is the avoidance of bi-
layer graphene. Bilayers would render the material unsuitable for precision QHE applications, but they form
all too easily along the terrace steps of the host SiC substrate, either as stripes or as non-connected
patches. Thanks to the close feedback from new characterisation methods developed in parallel the
problem could be solved successfully by carefully improving the complex growth sequence. This sequence
is not just relevant for the actual growth step, but even more so for the substrate pre-conditioning phases
which have to be passed before the graphene formation temperature of around 1600 7 1800 °C is reached.

Growth of SiC-graphene on the wafer scale was also achieved, which opens more opportunities, e.g. for
the fabrication of arrays of QHE-devices suitable for realising a whole range of resistance values. Further
to this, in a collaborating institute a variant of the established SiC-graphene growth was developed, which
holds promise to yield graphene of similarly excellent, maybe even better quality. The remaining, but
unavoidable issue with SiC-grown graphene, namely its very high density of electrons, could be
considerably relaxed by developing a new method where a corona discharge is used to reduce the carrier
density by depositing ions in a resist layer covering the graphene film.

Epitaxial graphene at LiU

At LiU work concentrated on optimising the graphene growth regimes, on achieving high mobility and well-
controlled and uniform carrier concentration, and on optimising the substrate selection and surface
treatment prior to graphene growth with the view to achieve defect- and strain-free uniform graphene
monolayers.

The main target was growth of epitaxial graphene on SiC with parameters meeting the requirements for
robust quantum hall effect (QHE). In order to obtain large area monolayer (ML) the existing infrastructure
was upgraded by designing and building a 4-inch reactor. Along with optimisation of the smaller reactor in
terms of crucible and temperature conditions, temperature uniformityover the large crucible and graphene
thickness uniformity were studied. The 4-inch graphene growth set-up and a cross section of the new
crucible are shown in Fig. 1.

Substrate

Spacer

Fig. 1 Epitaxial graphene growth set up (left) and the growth crucible in a
cross section
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ML graphene with high mobility over a large area is the targeted material for a stable quantum Hall
resistance standard development. Not only is the reproducibility of the results crucial for the yield,
respectively cost efficiency of the fabrication processes, but also one has to avoid the creation of bilayer
graphene patches. LiU has succeeded to suppress the bilayer formation down to 0.1% on 7x7 cm? samples
and 1.4% on samples of 20x20 mm? area. The conclusion is that with increasing the substrate area, fine
tuning of the growth conditions is required. For this attention should be paid to the kinetics of the buffer
layer completion, which can be monitored by ex-situ Raman measurements. By using that LiU has got
indications that the first layer of graphene may not be completely detached from the buffer layer which is a
reason for the low carrier mobility. Fig. 2 illustrates the improvement of the ML uniformity while sample size
is increasing.

(G808, Step 300 nm, Map30.0x30.0 pm G722-prm1, Step 300 nm, Map30.0x30.0 ym
669.0 3
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—
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Fig. 2 Thickness uniformity mapping of epitaxial graphene on SiC: 0.1% bilayer on 7x7 mm2 and 1.4% on 20x20
mm2.The images are obtained by optical reflectance in a Raman set-up.

Raman spectroscopy has been used for detailed analysis and understanding the role of the buffer layer,
which is not a conventional approach. Carrier mobility has been assessed by Van der Pauw measurements
on large samples showing mobility numbers up to 3 500 cm?/Vs at room temperature. New contactless
measurements were employed as a training activity by other partners. New method for SiC surface
preparation by sublimation etching has been proposed (Surface engineering of SiC substrates via
sublimation etching, accepted in Surface and Interfaces, 2016). Preferred substrate is 4H-SiC purchased
from Cree Ltd, USA.

The achievements related to graphene material perfection in this project have allowed unique
advancements in the area of quantum metrology. It was also possible to transfer knowledge to partners
and to contribute to the spin off company Graphensic established in 2011.
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Epitaxial graphene at PTB

During the project, PTB has also set up a graphene growth facility for growth on 10x10 mm2 SiC chips. PTB
followed the proven designs originally developed by Th. Seyller (University of Chemnitz) and R. Yakimova
(LiV). Rapid progress was made, and now excellent graphene can also be produced at PTB. Most
noteworthy is a new growth method developed at PTB which enables the growth of virtually bilayer- free
graphene. Bilayers on top of the QHE-active monolayers would be extremely detrimental to the achievable
precision since they can act as electric shorts between opposing edges of the Hall device.

At the heart of the new method (patent application submitted) is the addition of excess carbon made
available by thermal decomposition of a dilute polymer, which is applied prior to the growth process. Fig. 3
shows a map of colour coded Raman line widths which proves the monolayer quality of the graphene grown

with the new method.

Fig. 3 Raman maps taken at
8 different positions from a
5x10 mm? SiC chip after
graphene growth. In the
false colour plot the colours
represent the width of the
characteristic Raman 2D
line as an indicator of the
layer count of the fabricated
graphene. Monolayer gra-
phene is represented by
green-blue regions, and the
(only sparsely occurring)
red regions indicate bilayer
graphene. Only spotsoccur,
but no patches.

Epitaxial graphene at LNE

LNE collaborated with the Cent re de Rec her-éfixxis et sas rapplicaidn®du®&erdre
National de la Recherche Scientifique (CRHEA-CNRS), where graphene was also grown on SiC, but with
another variant of the standard growth method: Graphene was grown by propane/hydrogen CVD on the Si-
face of a semi-insulating 0.16° off-axis 6H-SIiC substrate. Angle-resolved photoemission spectroscopy
(ARPES) and low-energy electron microscopy (LEEM) revealed that a graphene monolayer covers almost
the whole SiC substrate (Fig. 4-Left), but that about 10-15 % is covered by a second graphene layer (Fig.
4-Right). Low electron-energy diffraction (LEED) showed the existence of a 6RM3 x 6RM3  R30°
reconstructed carbon-rich interface (buffer layer) between the substrate and the graphene monolayer.
Large Hall bars of 100 x 420 pumz2 size with eight terminals were patterned at the Laboratoire de Photonique
et Nanostructures (LPN-CNRS) using electron beam lithography with poly-methylmethacrylate (PMMA)
resist and oxygen reactive ion etching (RIE). Ohmic contacts to the graphene layer were formed by
depositing a Pd/Au (60 nm/20 nm) bilayer in an electron-beam deposition system, using an ultrathin Ti layer
for adhesion. Thicker Ti/Au (20 nm/200 nm) bonding pads were formed in a subsequent step. Samples
were covered for protection by 300 nm of poly(methylmethacrylate-co-methacrylate acid) copolymer (MMA
(8.5) MAAEL10 from Microchem) and 300 nm of poly(methylstyrene-co-chloromethylacrylate) (ZEP520A
from Zeon Chemicals) resist. The ZEP520A resist is known to reduce the electron density under ultraviolet
illumination. Nonetheless, no illumination was done in this case. LNE investigated the QHE in two of these
sampl es, as des dMeasubemehts bnNSICsC¥ 2 draplemed fion 26.a g e
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Fig. 4-Left: Atomic force microscopy image of the SiC substrate after graphene growth showing about 300 nm SiC
steps. Right: Low electron-energy microscopy image showing small bilayer patches covering about 10% of the
surface. The image width is 10 pm.

CVD graphene

Chemical vapour deposition (CVD) has been employed as an important method for the preparation and
production of large-area graphene. CVD on transition metal substrates (Cu, Ni, Pt) has become a promising
approach due to a controllable growth process, which is inexpensive and able to produce large- area
graphene.

However, the method requires a transfer of the graphene films from the metallic growth template to an
insulating substrate, which is usually Si covered by SiO2. Degradation of the graphene films during transfer
is extremely hard to avoid, and the fact that large films mostly consist of mono-crystalline domains with
domain boundaries in between prevent their use for precision QHE measurements.

Especially the latter decisive fact was only established definitively during this project by the work of LNE and
its collaborators. At project start, the partners had set out to study CVD graphene as an alternative to SiC-
graphene. Besides LNE, KRISS was also active in this field. KRISS undertook the challenge to grow
graphene on and between two-dimensional layers of hexagonal boron nitride (h-BN), which is, like
graphene, a hexagonally coordinated crystal with very favourable properties as a graphene host substrate.

LNE cooperated with the Institut Néel (group Vincent Bouchiat) and studied Hall bar devices made by that
group, which were based on polycrystalline graphene produced by CVD on copper foils from a
hydrogen/methane mixture. Graphene had been transferred onto a Si wafer with 285 nm-thick SiO: layer,
by etching the underneath Cu, using (NH4)2S20s solution. The Hall bar samples studied, of channel width
between 5 pm and 200 um, were fabricated by optical lithography and oxygen plasma etching and
contacted with Ti and Au (5 and 60 nm) electrodes. These measurements are presented in section
fMeasurements on CVD graphened o n 2p.ag e

KRISS established a CVD growing system and pursued it to advance the quality of graphene films
synthesised by the CVD method with various synthesis conditions such as substrate, partial pressure, gas
mixture and substrate pre-treatment.

The KRISS growing process for the synthesis of large-area and high-quality graphene films on copper foils
is as follows: After electro polishing and annealing of the substrate at a temperature of 1293 K for 40 min,
copper foil is heated inside a furnace under Hz gas pressure of (0.1 ~ 2) sccm up to 1293 K for about
30 min. Graphene is grown on the Cu foil held at a growth temperature of about 1293 K under controlled
CH4 (0.5 sccm) and Hz (8 sccm) gas flow for a controlled time of 15 min. The growth process of graphene
islands on a Cu foil was studied with SEM and Raman spectroscopy. Various shapes of graphene domains
caused by growth conditions were observed using scanning electron microscopy (SEM) images. Once the
nucleation of graphene starts, the number of nucleation sites increase with different size of graphene
islands. The islands start to diffuse if the temperature is high enough and coalesce to form a large cluster
via island diffusion. However, the edge diffusion is limited because of rebonding during the growth process.

In Raman spectra of CVD graphene transferred onto Si/SiO2, the D peak around 1345 cm-, indicative of
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defects, is not observable. G and 2D peaks of graphene on SiO: are located at 1584 and 2684 cm. The
intensity ratio between G and 2D peaks is smaller than 0.4, which implies growth of monolayer graphene.

CVD graphene on CVD h-BN

The electrical properties of graphene are strongly influenced by charged impurities of an oxide substrate
such as SiO2. h-BN as a substrate is considered the most suitable one to eliminate such problematic surface
effects. It is a IlI-1IV compound with a structure very similar to graphene, and its honeycomb structure is
composed of alternating boron and nitrogen atoms. h-BN has a large band gap and does not have dangling
bonds. In addition, it is comparatively inert and features a low density of charged impurities.

At KRISS, the growth of large-area monolayer h-BN was performed on 25 £ mithick Cu foil using CVD under
low pressure (33 hPa). The Cu foil was electro polished to remove impurities and obtain a flat Cu foil. To
remove the oxide layer of the Cu foil, it was annealed at 1263 K for 30 min with Hz gas at a rate of (0.2 ~
1 sccm. Ammonia borane was thermally decomposed to hydrogen, monomeric aminoborane, and borazine
at temperatures from 353 K to 393 K. After thermal treatment, h-BN was synthesised with borazine gas and
hydrogen at 1270 K for 30 min. After growing h-BN films on Cu foil, the films were transferred onto SiOzto
analyse their properties. Next, CVD graphene was transferred onto the h-BN film using the conventional
transfer method. After having made contact electrodes, an additional h-BN layer was transferred onto the
graphene/h-BN film, in order to finally obtain a sandwiched h-BN/graphene/h-BN film.

The growth of a CVD h-BN film on Cu foil was confirmed using AFM and SEM. A typical grain size of h-BN
i s about 5 ~ 10 ¢4BNislandsiwareapsewed i ltha ipitealdyrowth process. Once the h-
BN islands start to nucleate, they increase in size and density. The islands coalesce to eventually form a
complete layer. In the Raman spectra of CVD h-BN on silicon, the h-BN peak was observed at 1369 cm™,
clearly distinct from the graphene G peak at 1583 cm™. Itis, however, hardly distinguishable from the defect-
indicating graphene D peak at 1345 cmt. The Raman G and 2D peaks of CVD graphene depend on the
substrates SiO2 and h-BN. On SiO: they are located at 1584 and 2684 cm-, respectively, whereas on h-
BN they are at 1581 and 2688 cm-L. In the case of graphene sandwiched between CVD h-BN films, the G
and 2D peak positions are nearly the same as those of graphene on h-BN. The red-shift of the G-peak of
graphene on h-BN with respect to that on SiO2 can be attributed to a reduced doping effect. This reduced
doping effect was confirmed by the increased width of the G-peak. The G-peak position of the sandwiched
graphene, h-BN/graphene/h-BN, observed at 1581 cm is similar as the peak of the graphene on h-BN.
The quality of graphene depends on substrates. The intensity ratio between 2D and G, the G-and 2D-peak
positions, and the width of the 2D peak show a large scatter for graphene on SiO2 and a small scatter for the
sandwiched graphene.

Electrical transport properties of the CVD graphene were characterised using Hall devices. They were
fabricated by e-beam lithography and Oz plasma etching. After patterning an isolated graphene channel by
etching, the electrode pad for the Hall bar was patterned by E-beam lithography, followed by deposition of
Ti (3 nm)/Au (40 nm) in an E-beam evaporator.

Using a probe station at room temperature to check the device, a Dirac voltage of about 1.5 V was
measured. The resistance was typically of the order of 100 W ¢ rAtabout 2 K, the Dirac voltage was about
13V, and the Drude mobility was strongly dependent on the device fabrication process with values between
5000 cm?/V's and 20 000 cm?/Vs. The increase of the charge neutrality voltage at low temperature indicates
that doping of graphene has occurred during the device fabrication process.

Even though a higher carrier mobility was observed in the graphene/h-BN and the sandwiched films, the
quality of the graphene transferred onto CVD grown h-BN is not as good as the directly grown CVD
graphene on Cu foil. Although the CVD-grown h-BN should in principle provide an ideal substrate for
graphene, a direct growth of high-quality CVD graphene on CVD h-BN is necessary to avoid the formation
of residues between the graphene and the h-BN layer resulting from a transfer process.

Patterned graphene growth

In many applications, an intricate patterning process for fabricating the micro (or nano) structured graphene
is essential. Generally, common patterning methods require several steps such as lithographic techniques
and often aggressive etching, resulting in damage and poor quality of graphene. To avoid this, KRISS
developed a facile route for patterned growth of a graphene/amorphous carbon lateral junction in a single-
step process.
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In the patterned growth of graphene, graphene/amorphous carbon (G/a-C) heterostructures are grown in a
single step from a solid source of polystyrene (PS) via a selective photo-crosslinking process. When the
PS film is exposed directly to UV, this region is modified to crosslinked PS (CPS). CPS suffers only minimal
decomposition into hydrocarbon vapours due to its high thermal stability, and so it simply converts into a-C
at high temperatures, while non-exposed PS regions convert to graphene. In this way CVD growth of the
G/a-C heterostructure using crosslinking-driven chemical patterning of a solid carbon source of PS is
obtained.

After transferring G/a-C heterostructures onto a SiO2/Si substrate, two regions (graphene and a-C) are
clearly distinguishable in optical microscope and SEM images. To characterise the quality and uniformity
of a G/a-C heterostructure on a SiO2/Si substrate, Raman spectroscopy at 532 nm is used. The Raman
spectrum of graphene in G/a-C heterostructures is almost the same as that of pristine graphene. The
relative intensity of the defect indicating D-peak to the G-peak is as small as 0.05. Raman maps based on
the frequency of G and 2D peaks illustrate that the G/a-C heterostructures are uniform throughout the entire
area.

The electrical properties of the G/a-C heterostructures were studied by fabricating field-effect transistor
(FETSs) devices. The electron/hole mobility was 3500 cm?2V-1s-1, The quantum Hall effect of graphene was
demonstrated by measuring the resistance versus gate bias at a temperature of 4 K and a high magnetic
field of 15 T. Unlike conventional fabrication of graphene Hall bars on SiO2/Si substrate with lithographic
techniques, the electrodes were directly fabricated on the stripe-typed alternating G/a-C heterostructure
film without plasma etching process to isolate the device channel area. The half-integer QHE with plateaus
at filling factors v=2 and 4 was observed. The sequence of plateaus for both electron and hole regimes
shows the existence of edge states in the structure, indicating that the intrinsic property of graphene is well
maintained in the G/a-C heterostructure-based Hall device. However, a slight deviation from the correctly
quantised values was observed in both regimes. Furthermore, weak localisation and activation energy with
variation in temperature were observed.

The ability to directly synthesise patterned graphene from a polymer pattern opens up new possibilities for
the preparation of versatile heterostructures. Flexible devices fabricated from the G/a-C heterostructure
show high mobility and excellent mechanical stability against bending. Measurement of the quantum Hall
effect in G/a-C lateral heterostructures shows the reliable quality of graphene and well-defined G/a-C
interface. However, improvements of the graphene quality are needed for a metrological application.

3.1.2 Hall bar device micro-fabrication

The processing of epitaxial graphene on silicon carbide (SiC) into Hall bars suitable for metrological
applications has been considerably advanced. Chalmers has developed an express analysis method of the
graphene quality to evaluate the amount and the morphology of bilayer patches, a control method of carrier
density in graphene towards the low densities, and fabrication protocols allowing medium scale integration
of up to 100 hall bars on the wafer. In addition, they have transferred know-how of developed expertise to
other participants of the consortium. In detail, the following achievements were made:

1 It was demonstrated that inspection with an optical microscope allows surprisingly simple and
accurate identification of single and multilayer graphene domains in epitaxial graphene on silicon
carbide (SiC/G). This is informative about nanoscopic details of the SiC topography, making it ideal
for rapid and non-invasive quality control of as-grown SiC/G. Fig. 5 (Left) shows a transmission optical
image of hall bar C4 on wafer G442, Hall bar width is 50 pm. This is selected as one suitable
candidate for quantum hall effect due to geometry and low content of bilayer patches present within
the device. (Bilayers appear as darker regions). Right i fully developed quantum Hall state measured
for this device at 2K.

1 Itwas demonstrated that reversible carrier density control across the Dirac point in epitaxial graphene
on SiC (SiC/G) is possible via high electrostatic potential gating with ions produced by a corona
discharge. The method is attractive for applications where graphene with a fixed carrier density is
needed, such as quantum metrology, and more generally as a simple method of gating 2DEGs
formed at semiconductor interfaces and in topological insulators.
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Fig. 5 Lefti Transmission optical image of fabricated hall bar C4 on wafer G442. Hall bar width is 50 pm. Right i
fully developed quantum Hall state measured for this device at 2K
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Fig. 6. Low temperature magneto-transport on SiC/G exposed to corona ions. (a) QHE observed for electron doping
reveals the monolayer nature of device. (a) (30 x 180 pm?) at T = 2 K. (b) QHE in the same device for p-doping,
achieved with the corona discharge. (c) Carrier density control by corona ions in millimetre-sized device (1.25
x 2.5 mm?). Inset: Optical microscope (transmission) image of the device, scale bar is 0.5 mm; contacts appear as
dark rectangles and the edge of the graphene device is indicated with a dashed line. The onset of hi- QHE occurs
at magnetic field B of 4 T for all Hall probes
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Fig. 7 (a) A microphotograph of the entire chip with 4X4, 6X6 and 10X10 Hall bar arrays. (b) A microphotograph of
an array of 100 Hall bars. (c) A part of the schematics of the array. The interconnecting wires are arranged with a
significant redundancy. (d) A typical AFM phase image of the graphene substrate with the drawing of a Hall baron
top of it. Dark areas are the bilayer patches.

1 Arrays of 100 Hall bars connected in parallel on epitaxial graphene (Fig. 7) were fabricated. One out
of four devices has shown quantised resistance that matched the correct value of Rk/200 within a
measurement precision of 104 at magnetic fields between 7 and 9 T.
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One of the important discoveries during the project was the role of bilayer patches in the Hall bar devices.
If a bilayer patch isolates a contact from the other contacts, this contact will have a high resistance, resulting
in poor performance as a QHR standard. In order to ensure proper operation of the QHR device, there must
be an uninterrupted monolayer path between the contacts (or at least between the voltage contacts).
Another important discovery was that it is possible to distinguish bilayer patches in an optical microscope,
using real-time digital image enhancement.

This means it is now possible to evaluate graphene quality relatively quickly when fabricating a new device,
and possibly take into account the bilayer distribution when patterning the device. A new contact design
has also been introduced in order to minimise the probability of poor contacts, even with a relatively high
bilayer content in the material. Fig. 8 illustrates how bilayers are detected, and the improved contact design.

The carrier density of graphene is in general not controlled during fabrication, and often ends up too high
for QHR measurements. Therefore, some adjustment of the carrier density is needed before measurements
are performed. Several different methods were tried with various success. The most successful ones were
photochemical gating, ammonia chemical gating and corona discharge (CD) gating, and all these methods
have been used successfully by several partners in the project.

Fig. 8 False colour optical transmission microscope images of graphene Hall bars (beige) from different devices on
the same chip. The bilayer content (darker areas) is visible thanks to digital contrast enhancement, and varies
across the chip. Blue areas are SiC substrate and black areas are the metal contacts. The contacts are extending
into the rectangular area of the Hall bar in order to minimise the risk that bilayer patches isolate the contacts.

The corona discharge method involves a device which generates ionised air molecules by the high voltage
corona effect. When the ions settle on the chip surface (the graphene is covered by a thin protective polymer
film), they form an electrostatic gate for the graphene, modifying the carrier density. This gate evaporates
or leaks away in room temperature after some hours or days, but once the chip is cooled down in the QHR
cryostat, the gate is stable as long as it stays cold.

During the carrier density tuning procedure, the ionised air molecules hit not only the chip surface, but also
the connecting metal leads, charging them to a high voltage. If the charge is dissipated through the
graphene the device may be destroyed, as illustrated in Fig. 9. One should therefore monitor the Hall bar
resistance using a source-meter in voltage sourcing mode, and using all the Hall bar contacts. This way,
all the leads are connected to low impedance and any excess charge is safely dissipated.
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Fig.9Left: Carrier density tuning of graphene usi nThe Hall baro
resistance is monitored during the tuning procedure with a sourcemeter in voltage sourcing mode, using all the
contacts of the Hall bar. Right: During the tuning procedure, the resistance of this device was monitored with a
multimeter, using only the left and right contacts while the remaining contacts were left floating. The device was
destroyed by a discharge through the graphene.

3.2 Development of better characterisation methods
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3.21 Scanning probe microscopy (SPM) methods

By performing local nanoscale studies of the surface and interface structure of hydrogen intercalated
graphene on 4Hi SiC(1000) NPL investigated the effect of doping, defects and edges in epitaxial graphene
(EG). They showed that intercalation of the interfacial layer results in the formation of quasi-free standing
one-layer graphene (QFS 1LG) with change in the carrier type from n- to p-type, accompanied by a more
than four times increase in carrier mobility. They demonstrated that surface enhanced Raman scattering
(SERS) reveals the enhanced Raman signal of Sii H stretching mode, which is the direct proof of successful
intercalation (Fig. 10). Further mor e, t he appearidmeaks foo the gDasi-fré&+ DNj a s
standing two-layer graphene (QFS 2LG) suggests that hydrogen also penetrates in between the graphene
layers to locally form Ci Hsp? defects that decrease the mobility. Thus, SERS provides a quick and reliable
technique to investigate the interface structure of graphene, which is in general not accessible by other
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conventional methods.

NPL also compared the three most commonly used scanning
probe techniques to obtain a reliable value of the work function
in graphene domains of different thickness. The surface potential
(SP) of graphene was directly measured in a Hall bar geometry
via a combination of electrical functional microscopy and
spectroscopy techniques. This enables calibrated work function
measurements of graphene domains in ambient conditions and
values Wie =4.55 + 0.02 eV and Wac = 4.44 + 0.02 eV for
single- and bi-layer, respectively, were obtained. It was
demonstrated that single-pass frequency-modulated Kelvin
probe force microscopy (FM-KPFM) provides more accurate
measurement of the SP than amplitude- modulated double-pass
(AM)-KPFM. The discrepancy between experimental results
obtained by different techniques was explained and attributed
to particularities of AM-KPFM method, being the less accurate
one. Figs. 11 and 12 show examples of such measurements.

o
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Fig. 11 Schematic diagrams of the FM-KPFM
techniques. Topography of the graphene Hall
bar is superimposed with SP maps on a 3D
image. Plots show characteristic profiles: SP
on top and topography on bottom.

Fig. 12 Surface potential mapping with FM-KPFM. (a) FM-KPFM surface potential map of the grounded Hall bar
device. (b) Plot of the surface potential between areas of 1LG and 2LG within the channel along the dashed line
shown in the inset. Inset shows the magnified area of the FM-KPFM surface potential map framed in (a). (c) Plot
of the surface potential measured between gold leads through the centre of the channel along the line depicted in
(a), the left gold lead is biased at Vcn between -2 and +2 V and the right gold lead is grounded.

Using local scanning electrical techniques, edge effects in side-gated Hall bar nano-devices made of EG
were studied (Fig. 13). It was demonstrated that lithographically defined edges of the graphene channel
exhibited hole conduction within the narrow band of 60i 125 nm width, whereas the bulk of the material was
electron doped. The effect was the most pronounced when the influence of atmospheric contamination is
minimal. It was also shown that the electronic properties at the edges can be precisely tuned from hole to
electron conduction by using moderate strength electrical fields created by side-gates. However, the central
part of the channel remains relatively unaffected by the side-gates and retained the bulk properties of

graphene.
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