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CHAPTER 1

Introduction

Graphene Graphene is a two dimensional (2D) atomic sheet of carbon. It exists
in bulk graphite, which is a stack of graphene layers that are weakly coupled to each
other. In 2004 Geim and Novoselov used sticky tape on graphite and transferred a
single layer graphene sheet onto a silicon substrate [1]. For the first time graphene
was isolated from bulk graphite and, soon after, measurements in high magnetic field
revealed that electrons behave as massless Dirac fermions [2, 3]. This has made a huge
impact and prompted many research groups to start working on graphene, including
our group in Delft. Since then graphene has become a research field in itself. In
Fig. 1.1 we have plotted the number of publications per year about graphene on a
logarithmic(!) scale. In 2010 Geim and Novoselov were awarded for the Nobel prize
in physics “for groundbreaking experiments regarding the two-dimensional material
graphene” [4, 5].

Graphene’s superlatives Graphene has an impressive list of superior properties.
Here we list most of them. Graphene is one-atom-layer thin and because of that it
is very transparent (97.7% [6]) and flexible [7]. Graphene is a very good electrical
conductor, it has a sheet resistance of < 100 /0. Thus graphene combines these
often conflicting properties; it is a transparent flexible conductor. Graphene has a
Young’s modulus of 1 TPa, which is 100 times more than steel [8]. It has a very high
intrinsic mobility, exceeding 106 cm?/Vs [9]. It can sustain very high current densities
of six orders larger than copper [10]. Its thermal conductivity, ~ 5000 W/mK, is
higher than that of diamond [11-13]. Furthermore, graphene has a negative thermal
expansion coefficient at room temperature [14, 15]. It is very impermeable to gases,
even to helium [16]. Unlike most semiconductors, graphene is a semiconductor without
a bandgap. Because the energy dispersion is linear at low energies, charge carriers are
effectively massless. At low energies the kinetic energy is described by the Dirac
equation for massless fermions. This makes electrons behave as relativistic chiral
particles such as neutrinos. From this diverse set of properties graphene has drawn the
attraction of researchers from many different disciplines, such as physicists, chemists,
material scientists with theoretical and experimental background.
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2-Dimensional Graphene belongs to the family of sp? carbon allotropes and among
0D fullerenes [17], 1D carbon nanotubes [18] and 3D graphite it completes the list
with the 2D variant [19]. Usually thin films become unstable when the thickness is
reduced to atomic dimensions [20]. Experimentally it is well-known that atomically
thin films will nucleate in clusters or small islands [21]. This is not the case for
graphene. Graphene is a true 2D material with an atomic thickness of 3.4 A [22].
However, graphene always needs a support (i.e. a substrate). For that reason there are
always (strong) interactions with its underlying substrate [23], which often degrades
the electronic quality of graphene. The choice of substrate becomes thus very relevant.

Substrate Graphene has a very good visual contrast on standard 285 nm SiO»/Si
substrates [24]. Moreover SiO3/Si substrates are widely available, but its disadvantage
is that charged impurities are present in the oxide, which leads to electronic scattering
and degrade the electronic quality [25]. In addition, since graphene is atomically thin,
it is very sensitive to surfaces with a roughness larger than its atomic thickness of
3.4 A, which is the case for SiOy [26]. When graphene conforms to a rough substrate it
causes atomic-scale disorder, which leads to short-range scattering [27-29]. Removing
the substrate and making graphene suspended is a solution to suppress scattering,
which has led to ultra high mobilities in suspended devices [30, 31]. Another solution
is to replace the substrate with one that is atomically flat and inert, such as hexagonal
boron nitride (hBN) flakes. This has been achieved by transferring graphene flakes
onto hBN flakes. As a result the graphene on hBN showed a carrier mobility an order of
magnitude higher than graphene on SiOs [32, 33]. Solid substrates are a lot less fragile
than suspended structures and allow more flexibility in device fabrication [34-36]. In
addition thin hBN flakes can be used as clean and flat topgate dielectric [37] and as a
dielectric separating two graphene layers, for instance for Coulomb drag experiments
[38]. Recently, interactions between hBN and graphene resulting in a Moiré pattern
have been observed by the appearance of a Hofstadter’s butterfly [39-41].

Other 2D crystals As graphene exists as a stable 2D crystal, a lot of research
is moving to other 2D materials such as MoSy [42-44], WSes [45], NbSey [46] and
combinations of those to make heterostructures [47]. With those heterostructures a
tunneling-transistor with a thin hBN barrier has been realized [48], where the on/off
ratio is enhanced to 10° by replacing the hBN interlayer with WSy [49].

Graphene technology Recently the focus in graphene research is turning towards
technology and applications. Large companies, such as Samsung and Nokia, have
started researching graphene. In this context it is illustrative to note that the number
of patents is increasing exponentially since 2005, Fig. 1.1. In early 2013 the European
Commission selected graphene as an EU future and emerging technology flagship
with a one billion grant over 10 years. This FET flagship is a consortium of many
European research groups and industries that have the joint goal to take graphene and
related layered materials from academic laboratories to society, revolutionize multiple
industries and create economic growth and new jobs in Europe. In less than 10 years,
graphene has evolved from a simple proof-of-principle from sticky tape to a potentially
disruptive technology that may have a significant impact on society and economy in
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Figure 1.1: Number of publication and patents per year that mention ’'graphene’ on a
logarithmic scale. The number of publications for 2013 is estimated to be close to 12000.
Source: European Patent Office and Thomson Reuters Web of Science

the next decades of the 21st century.

Applications As graphene has such a rich variety of superior properties, there is
an even larger list of potential applications that are now foreseen [50]. Here we briefly
list some of them in categories.

Photonics and Optoelectronics [51]

Graphene can be used as a transparent and flexible electrode in touch screens [7]
or organic LED’s [52]. Graphene can be applied in photo-voltaic cells [53], that
can even be flexible [54] and potentially exceed the efficiency of current photo-
voltaic cells [55, 56]. Photodetectors made out of graphene could work over much
broader wavelength range (up to THz), as there is no bandgap [57, 58].

Electronics

Graphene has a very high intrinsic mobility that is very attractive for RF tran-
sistors [59, 60]. Graphene is not yet suitable for logic (dc) transistors, despite the
effort to open a bandgap in nanoribbons [61, 62], double gated bilayers [63] and
functionalized graphene [64]. Graphene may be more useful for interconnects in
integrated circuits, where it can profit from its excellent thermal and electrical
conductivity.

Coatings and composites

Graphene could be used for coatings or paints that are electrically and thermally
conductive, impermeable to gas and inert [65]. Given its high tensile strength it
may be used for low-weight mechanical reinforcement [66].

Sensing applications

Bio-sensing application may require ultra-thin graphene sheets for DNA sequenc-
ing [67, 68] and Chapter 6. Graphene is very sensitive to gases, so it could be
used as a gas detector [69]. Graphene can also be functionalized, providing
selective sensitivity to specific chemicals or biomolecules.

Energy storage
Graphene supercapacitors have shown a high capacitance [70] and (dis-)charging
rates [71] matching today’s state-of-art lithium batteries [72].
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Production methods In order to realise any of the above applications, graphene
must be mass produced. Clearly the sticky tape method is not suitable for mass
production and a lot effort is made in developing scalable production methods. Here
we mention three methods:

e Chemical vapour deposition
Chemical vapour deposition (CVD) is a promising method for making large
sheets of single layer graphene [73]. With this method graphene is grown on
metallic surfaces using for instance methane and hydrogen gas as precursors.

e SiC
Graphene can be grown on SiC by sublimating Si at elevated temperatures [74].
With this method high-quality graphene can be produced [59].

e Liquid-Phase exfoliation
Graphene can be exfoliated from graphite with ultrasound in a solvent [75]. The
result is a dispersed solution of small graphene flakes. This can be particularly
useful for conducting composites, films and paints.

All these methods have their specific advantages and disadvantages, in other words a
general superior production method does not exist yet.

Thesis This thesis reports very diverse experimental research on graphene with the
goal to explore new physics or create novel applications by using the special properties
of graphene.

We have developed a water-based transfer technique that allows graphene or nanos-
tructures to be transferred from SiOs substrates onto other substrates, Chapter 4.
With this method we are able to fabricate graphene nanopores with high throughput.
We have found that wrinkles in graphene sheets are present after transfer, but do not
degrade the electronic quality more than the SiO5 substrate does, Chapter 5. It has
opened the possibility to transfer graphene on other substrates such as hBN. However
for graphene/hBN devices we have adapted dry transfer methods, which shows less
contamination than the water-based transfer method.

Graphene is a promising candidate for DNA sequencing at the single molecule
level. Using graphene nanopores offers the potential of resolving individual base pairs,
because the distance between two base pairs is in the order of the thickness of graphene.
We have fabricated a graphene nanopore device, through which single DNA molecules
were translocated. These translocation events were detected by a reduction in the ionic
current through the pore, Chapter 6. The device serves as a prototype single DNA
molecule sensor, which is the first step in the direction of a single DNA sequencing
device.

Motivated by the prospect of observing Andreev reflection in combination with
the Quantum Hall effect (QHE), we have contacted graphene with NbTiN. Because
NbTiN is a superconductor with a high critical field of above 11 T and graphene
shows QHE at relatively low fields, it should show QHE while the contacts are in
the superconducting state. The junctions were too disordered to observe QHE, but
we have found that Andreev reflection in a disordered Graphene/NbTiN junction is
accompanied by reflectionless tunnelling, Chapter 7.

4



Graphene is prone to residue contamination and many cleaning methods are avail-
able, but not always effective. We have developed a mechanical cleaning method for
cleaning graphene, Chapter 8. This new technique can serve as an alternative to the
existing methods.

The Veselago lensing [76] and Klein tunneling [77] are exemplary for the peculiar
nature of electrons in graphene. So far these phenomena are not easily accessible
because it requires ballistic transport on a micrometer scale. In that context we
have used CVD produced graphene to make the first CVD produced device that
shows ballistic transport on micron scales, Chapter 9. This makes it possible to
produce ballistic devices with CVD graphene with high throughput for observing these
phenomena and exploring other physics.

Basic theory of graphene physics in this thesis is treated in Chapter 2 and the
experimental methods that have been used in this thesis are discussed in Chapter 3.






CHAPTER 2

Theory

The topics in this thesis are rather diverse, therefore we limit to the general theory
of graphene. We derive the band structure of graphene and the Dirac Hamiltonian.
We show that electron-hole symmetry can lead to Veselago lensing, for which we have
made ballistic devices in Chapter 9. The conductivity of graphene for 2D conductors is
treated in Sec. 2.3, we apply this basic theory in all our conductivity measurements. In
Sec. 2.4 the integer quantum Hall effect for graphene is explained. In the last section
we discuss superconductivity in graphene, which is particulary relevant for Chapter 7.

2.1 Electronic Bandstructure

2.1.1 Atomic structure

Graphene is a 2-dimensional sheet of carbon atoms in a honeycomb lattice, shown
in Fig. 2.1a. The inter-atomic distance is ag = 1.42 A. The primitive unit cell consists
of two basis atoms, labelled A and B [78]. The primitive translation vectors make up
a triangular lattice and are given by

i = % (3, \/5) : dy = % (3, —\/5) . (2.1)

The A atoms make up a sublattice that is independent! from sublattice B. This yields
an extra degree of freedom and is usually referred to as the pseudo-spin.

The reciprocal lattice is shown in Fig. 2.1b with the first Brillouin Zone (BZ). The
reciprocal lattice vectors are given by

L (1\/??) , by = 2% (1,—\/??) . (2.2)

3ag 3ag

The K points? are located at the six corners of the BZ. Only two points are unique,
because from these two distinct points (K and K’) all other K points can be reached

1Sublattice B is made up from B atoms. They are distinct because there is no linear combination
of @1 and d@s to make the transition from an A atom to a B atom.
2In the context of graphene K points are also called Dirac points.
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Figure 2.1: (a) The atomic lattice of graphene in real space (x,y) with the sublattices A
and B, black and white indicated. The lattice vectors are @i and d2 making up the primitive
unit cell. The carbon atoms are separated by d1,2,3 to their nearest neighbours with the inter
atomic distance of ap = 1.42 A. (b) The corresponding lattice in reciprocal space (kz,ky),
with reciprocal lattice vectors l_ﬁ and 52. The first Brillouin zone is drawn with the six K
points

with a linear combination of the reciprocal lattice vectors 51 and 52. K and K’ are
located at k = (0, +47/3ap). In the next section we will show that these K points are
at zero energy and therefore play a crucial role in the physics of graphene.

2.1.2 Tight-binding model

Each carbon atom has four valance electrons, out of which three form in-plane
o-bonds with three neighbouring atoms by sp? hybridization. These are localized and
far below the Fermi energy and thus do not contribute to electronic transport. The
fourth electron is delocalized and occupies an out-of-plane p, orbital, which forms
m-bonds with neighbouring atoms. Using the tight-binding model with only nearest-
neighbour interaction® we can derive the electronic bandstructure of graphene. The
tight-binding Hamiltonian has already been solved long ago by Wallace [79] and is
given by

H=—t > (ahbg.s +hc), (2.3)
4,j=1,2,3
where ap, (aki) annihilates (creates) an electron on a lattice site R;. d; are the vectors
that connect an A to a B atom. Electrons can hop between nearest-neighbour A and
B atoms with hopping energy ¢t ~ 2.8 eV.
Using Bloch wavefunctions on each of the two sublattices we can solve the tight-
binding Hamiltonian [80]. The solutions for the bonding and anti-bonding states are
given by

E(k) = :I:t\/l + 4 cos(V3ak, /2) cos(ak, /2) + 4 cos?(ak, /2), (2.4)

3For the sake of discussion we neglect next-nearest-neighbour interaction.
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where a = \/§a0 is the lattice constant and =4 is the solution for the valence and
conductance band. In Fig. 2.2a the solutions are plotted in a 3D plot. The bonding
and anti-bonding states touch each other at the six K points (Dirac points) at the
Fermi level. This means that there is no bandgap at zero energy.

Figure 2.2: (a) The energy dispersion in 3D with the bonding and anti-bonding subbands
as a result of the tight-binding calculation. The inset shows a close-up near one of the
K-points. Here the two cones touch each other (energy gap is zero) and the dispersion is
linear, implying massless Dirac fermions. (b) The two distinct valleys (K and K’) with the
pseudo-spin direction drawn in the insets for each subband.

For low energies at the Dirac point the energy dispersion becomes linear and the
charge carrier mass becomes effectively infinite*. Therefore the Schrodinger equation
no longer holds and the Dirac equation must be used instead.

2.1.3 Dirac Equation

A direct result of the linear dispersion close to K and K’ at low energy is that the
Hamiltonian can be described by the 2D Dirac equation for massless fermions (Weyl
equation) which is

HU = vpé - pU, (2.5)

where vp = 3agt/2/h =~ 10° m s~! is the Fermi velocity, which is the analogue of the
speed of light. & = (+0,,dy) is the 2D vector of the Pauli spin matrices with £ for K
and K’, p the momentum operator®. W = (b4, 1p) is the wave function, where 14
and 1 p are the complex wave amplitudes on sublattice A and B, respectively.

If we diagonalize the Hamiltonian HU = e(E)\I/ we find the plane wave solutions
with corresponding eigenenergies (k) = +hvg|k|. Around K and K’ the wave function
has the form:

KT 1 e—i0(k)/2 K (7 1 ci0(k)/2 06
Z/):I:( ) - E iew(’;)/Q ) 7/}:&: ( ) - E :Fe_ig(;;‘)/Q : ( : )
4Tts effective mass is defined by Mefp = (02E/0k?)~!. As a consequence in linear dispersion the
effective mass becomes infinite.

5The momentum § = ik and the wavevector k are from now on defined from K or K’ and no
longer from T, the centre of the Brillouin zone.
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The + sign represents electrons in the conduction band and holes in the valence
band. Q(E) = arctan(k,/k,) is the angle in momentum space. The pseudo-spin is
connected to its momentum, so particles are helical or chiral®. The helicity is defined
by the projection of the momentum direction to its pseudo-spin direction illustrated
in Fig. 2.2b. Here the Dirac cones at K and K’ are drawn with the pseudo-spin
directions for electrons in the conduction band (blue) and holes in valence band (red).
For electrons at K the pseudo-spin is aligned with the wavevector, whereas for holes
it is anti-aligned. The helicity at K’ is opposite to K.

An important consequence of the helicity is that when the phase is rotated by 27
(i.e. a particle makes a loop) an additional phase of 7 is added. This is called Berry’s
phase [81] and its manifestation has been observed by the anomalous quantum Hall
effect [2, 3] and by weak anti-localization [82, 83].

2.1.4 Conservation of pseudo-spin

An important implication of the helicity (pseudo-spin tied to the wavevector) is
the suppression of backscattering. This can be seen by calculating the probability
between spinor wavefunctions residing in the same valley and band but propagating
with different angles 6, and 65:

’2

Py, 0, = [(W5 (01)[05 (62))]" = 1/2(1 + cos(61 — 62)). (2.7)

For backscattering”, i.e. , 61 — 0o = 7, it follows that P, g, = 0. This phenomenon
is often called conservation of pseudo-spin. It can be intuitively seen in Fig. 2.2b,
where arrows indicate the pseudo-spin direction tied to its wavevector. If an electron
tries to backscatter £k — —k it needs to reverse its pseudo-spin direction as well. This
is not possible since a smooth® impurity potential acts on diagonal terms and not on
the off-diagonal terms (sublattice space)®.

A mechanism that breaks the conservation of pseudo-spin is inter-valley scattering.
Through this process an electron is able to make a transition from valley K to K’. Inter-
valley scattering occurs at defects on the scale of the lattice constant a that provide
a large momentum transfer of |[K — K’| ~ 1/a. This couples the two sublattices and
thus mixes the pseudo-spin. In pristine graphene it is mainly present at the rough
edges.

In the next section we show that transitions between bands in the same valley yield
interesting phenomena, realisable in realistic devices using external gates.

6For massless fermions helicity is equivalent to chirality.

7In fact for ”true” backscattering one needs to include an impurity potential. Here we demonstrate
what is called the chirality factor. In Ref. [84] the same calculation is done with an impurity potential
using first order Born approximation.

8The potential is assumed smooth compared to the atomic lattice ~ a, but is allowed to be sharp
compared to the Fermi wavelength ~ 1/kp.

~ ~ -~ V b 71”‘
QHT,Z):”UFO"pw‘i‘Vime:UF ( ﬁaL inlpﬁy pzvimify )d)
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2.2. Veselago lens

2.2 Veselago lens

A p — n junction is made by external gates that induce a sharp potential step,
shown in Fig. 2.3b. The transmission through such a p — n junction is analogous
with light rays crossing media with a negative index of refraction. This is drawn in
Fig. 2.3a for the case were the carrier densities are exactly opposite n,, = —n,. This
is called a Veselago lens [76, 85, 86]. To derive the index of refraction, we use the
conservation of momentum projection along y and calculate the propagation direction
of the charge carriers, which is given by the group velocity of a plane wave by

- 1de k
V = 7T =QVfp—=, 28
PR (2.8)
where @ = £1 is the band index. It implies that when o = —1 an electron that resides

in the valence band and propagates opposite to its wavevector k. The band filling
is controlled by the chemical potential and in real devices this is done by applying a
voltage to external gates. Consider an incoming electron moving in the conduction
band towards the p — n junction, as is shown in Fig. 2.3a. It has a group velocity

(€) 10
kd:
—15 step
08 | 4
O —20
§ 06
9
5 04
c
©
'_
0.2
! d
-d . X 0.0
! 90 -60 30 0 30 60 90
eV Angle (°)

Figure 2.3: (a) Electrons leave a point source at the left to right. At the interface of a
p — n junction they are negatively refracted and collimated. This is known as the Veselago
lens. (b) The energy as function of the position. The p — n junction has a junction width
2d and is biased with an energy of +eVp. (¢) The transmission probability as function of
incident angle as a result from calculations done in Ref. [84]. The angle transmission width
is determined by krd, it implies the smaller the charge carrier density n the larger incident
angles are refracted.

V, = vp(cosb;, sinb;). Its corresponding wavevector is then ki =k; (cosb;, sind;). At
a sharp'® interface of a p — n junction, it is partially reflected and transmitted. The
transmitted part has a group velocity V, = vp(cosby, sinf;). Because this electron
resides now in the valence band (o = —1), its wavevector is opposite to the group
velocity k_; = ki(—cosf;, —sinf;). From the conservation of momentum projection

10Sharp in this context is a < d < 1/kp.
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Chapter 2. Theory

along y the k, component should be preserved: k,; = ky ;. It follows that

sin 01 o ﬁ
sinf;,  k;

(2.9)

This expression is analogous to Snell’s law of refraction, with opposite index of re-
fraction, where light rays are refracted between media with negative refractive index,
shown in Fig. 2.3a.

So far we have considered a sharp p — n junction, where the junction width a <
d < 1/kp in Fig. 2.3b. Because in realistic devices it is not possible to achieve such
a sharp junctions we consider a smooth potential variation, where the junction width
d > 1/kp. The transmission probability as function of incoming angle is then given
by Ref. [87]

T(e) ~ e—ﬂkpdsin20. (210)

This is plotted in Fig. 2.3c for kpd = 1.5,4,20. The black line is the transmission prob-
ability for a perfectly sharp step. For low kgrd the collimation effect is the strongest,
it has a larger critical angle. From the transmission probabilities we can predict the
two terminal conductance for a smooth G§n°°t", sharp G5i*™® and no junction G by
the Landauer formula [84, 87]

1 /1 2 4e?
Gsmooth P G, Gsharp _ 7G, G=_"1L VV, 211
np 2\ kpd o T3 wh " (2.11)
where W is the width of the junction. Here we note that the conductance for a smooth
junction depends on the junction width d and increased for sharper junctions.
When the junction is extended to a p — n — p junction, Klein tunneling can take
place [77, 84].

2.3 Conductivity of Graphene

We start by considering two transport regimes that can dominate:

e In the diffusive limit (I,,,5p < L) electrons will scatter multiple times across the
device size L. The average path between two collisions is the mean free path

I fp-

e In the ballistic limit (l,,5, > L) electrons move without scattering and their
momentum and energy are conserved. Here the mean free path (l,,f,) is larger
than the device size (L).

In experiments we deal mostly with diffusive conductivity. We therefore treat the
Drude model, that describes transport in the diffusive limit. In an equilibrium situ-
ation electrons gain momentum from externally applied fields at a rate equal to the
rate of lost of momentum due to scattering and this equilibrium is when
ma, - -
- e (E + Ug X B) , (2.12)
-
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2.3. Conductivity of Graphene

where @ is the drift velocity, E an electric field and B a magnetic field. 1/7 is the
momentum relaxation rate and in graphene it is equal to 1/7 = vp /I, fp. Following
Ref. [88], we derive the following resistivity tensor

(5 )= 57) (%)= ) (%) ew
£, enpu \ pB 1 Iy Pyz Pyy Jy )’ .

where p is the charge carrier mobility and is defined by u = e/Tm, n is the charge
carrier density which is in graphene!! equal to n = k% /7 and can be controlled with

external gates. In Fig. 2.4 a Hall bar geometry is shown of a device. In such a
geometry pg, and pg, are given by

(=)W VW _(B=W) _ Vu

Pee =7 T T T " Pey =7 = [ (2.14)

where I is the applied current, Vo — V3 = V, is the longitudinal voltage along the
current direction and V3 — Vi = Vg is the transverse or Hall voltage. W and L are
the width and the length of the Hall bar.

V, L
D —
[—> I w
VI VZ

Figure 2.4: A Hall bar geometry, with width W and length L. A current of I flows with
voltage probes Vi, V2 and Vs.

From the resistivity tensor we can extract the carrier density n with a correspond-
ing charge carrier mobility'? ;1 by

I I L
_ _ d 2.15
n e%}%L’ M nel{vll” ( )

where e is the electron charge. We can characterize the electronic quality of graphene
by extracting the mobility p from measuring V, and Vy as function of B.

In graphene the charge carrier density can be changed by capacitively coupled
external gates. The carrier density as function of a gate voltage V, can calculated by
the parallel plate capacitor approximation, which is

€r€Q
n=——V,, 2.16
ed 7 ( )
where d is the distance from the gate and €,.¢y the dielectric constant of the dielectric in
between. At zero magnetic field the longitudinal conductivity is equal to 04 = 1/pzs-

2
Z’;g In graphene g = 4, because of the

" The charge carrier density in 2D is given by nap = g
spin and valley degeneracy.
121t is often called the Hall mobility because of the extraction via the Hall effect.
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Chapter 2. Theory

With the conductivity as function of the carrier density one can estimate the charge
carrier mobility!'3 by

1dog,

,u:; dn

: (2.17)

where do,, /dn is the slope that can be extracted from the backgate dependence of
the conductance.

2.4 Quantum Hall effect

When graphene is subjected to a strong magnetic field, its linear density of states
(DOS) will change into a set of discrete peaks located at energies at the Landau levels
(LL). We derive the LL energies using a semiclassical approach.

A magnetic field bends flowing charges by the Lorentz force and, when sufficiently
strong, electrons (and holes) will follow a circular path, called cyclotron orbit. In
the presence of a magnetic field the canonical momentum p'is modified and becomes
P= P+ eA with A the vector potential, B =V x A. The cyclotron radius is then

= |P|/eB. Upon completing a full orbit an electron wavefunction will gain a phase
¢> and it can constructively interfere with itself when ¢ = 27 N. The accumulated
phase ¢ around a stable cyclotron orbit is calculated by

1 p?
qbz%}gdr"-ﬁ:;;e—B:%rN, (2.18)

where N is an integer number'#. From the energy dispersion E = +vp|P| we obtain
the LL energies, which are

E =+4vpV2heBN. (2.19)

In Fig. 2.5a the DOS is sketched as function of energy, in grey the DOS at zero field
and in black the LL at strong magnetic field. We note the v/N dependence on the
energy, which is different from usual 2DEG systems'®, where N is linear in energy.
Each LL can host a limited number of electrons/holes per unit area, which is the LL
degeneracy Ng;/A = gB/®g, where g = 4, two from the spin and two from the valley
degeneracy. When the Fermi level is in between two LLs, the conductance will be
quantized and conductance plateaus will appear in the transverse direction and the
longitudinal resistance will vanish

1\ e?
pzz =0, Opy =4 (N + 2) e (2.20)

In Fig. 2.5b, 04, is plotted as function of filling factor. Discrete plateaus are visible at
+2 ,46 ,£10,...e%/h. Due to the Berry’s phase, a LL appears at zero energy, which

13This is also called the field-effect mobility.

14Here we use the semiclassical Bohr-Sommerfeld quantization for a cyclotron orbit. A phase
addition of 27 is included here. It is due to caustics (Maslov contribution of 7) and Berry’s phase
(). See Ref. [89] for more about this approach.

152DEG stands for 2 dimensional electron gas, such as in GaAs/AlGaAs hetero-structures.
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Figure 2.5: (a) In grey the linear DOS at zero field. In black the DOS at high magnetic field,
The peaks indicated by N = 0,41, +2,£3, +4 are Landau levels and are strongly degenerate.
(b) The hall conductivity o, as function of the filling factor. Quantized plateaus appear
when the filling factor is tuned in between two Landau levels and conductivity corresponds
precisely to the number of transport channels.

is filled with both holes and electrons. This is in strong contrast with conventional
2DEG’s, where no LL is present at zero energy. As a consequence in graphene there
is no conductance plateau at zero energy. This is characteristic for graphene, where
transport is governed by massless Dirac fermions that are helical, which lead to the
anomalous quantum Hall effect [2, 3, 90].

2.5 Superconductivity in Graphene

2.5.1 Josephson Effect

Superconductivity is well described by the Bardeen-Cooper-Schrieffer (BCS) theory
[91, 92], where electrons form a Bose-Einstein condensate of Cooper pairs. A Cooper
pair is a pair of two electrons with opposite momentum and thus a boson. The
condensate is described by a macroscopic wavefunction

U = |[Ules. (2.21)

Here, ¢ is the phase of the wavefunction and |¥| its amplitude. When two superconduc-
tors are separated by a thin insulating barrier a spontaneous DC current (supercurrent
I;) can flow through it. This effect was predicted by B. D. Josephson in 1962 [93]. The
insulating barrier can become superconducting by the proximity effect. The barrier
does not have to be necessarily insulating: semiconducting [94, 95] or even metallic
barriers can be superconducting by the proximity effect, as well as graphene [96].

The supercurrent is determined by the phase difference of the two superconductors
1 — p2 = A¢ and given by

I, = I.sin(Ayp). (2.22)

In Fig. 2.6a, a schematic is shown of two superconductors with macroscopic wavefunc-
tions |Uq|e*¥t and |¥ale*?? that are contacted to a graphene strip of size L x W. The
phase difference can be tuned by a small perpendicular magnetic flux, which would
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432101234 0 W
/D,

Figure 2.6: (a) Graphene is contacted by two superconductors with wavefunctions | ¥y |e !
and |\I/2|ei“02. Graphene can become superconducting by the proximity effect, which the
manifestation of the Josephson effect. (b) A Fraunhofer pattern. The critical supercurrent
as function of flux through the graphene area. In the insets the position dependent phase,
which has to be integrated to obtain the critical supercurrent, which explains the oscillatory
behaviour. Figure is inspired by Ref. [97].

change the supercurrent. The flux through the graphene strip is ® = BLW and the
corresponding phase addition across the width W as function of position x is then

BLx
D

o(x) =27 (2.23)
Here the phase (z) is now position dependent. To obtain the total supercurrent
through the junction, the supercurrent density'® has to be integrated over the width
W, following the derivation in Ref. [97], this yields

I. = I |sinc(n®/®g)|, (2.24)

where @9 = h/2e is the flux quantum. This is plotted in Fig. 2.6b. This periodic
pattern is known as a Fraunhofer interference pattern. When the total flux equals
an integer number of flux quanta, ® = N®;, the sum of phases across the junction
is exactly zero and the supercurrent disappears. This cancellation is indicated in the
lower panel where the total area, that equals the critical supercurrent, is zero.

2.5.2 Andreev Reflection

When graphene (a normal conductor) is connected to a superconductor, electronic
transport through the graphene/superconductor interface is governed by Andreev re-
flection [98]. This process is schematically shown in Fig. 2.7a.

Consider an electron moving with momentum k. and group velocity U towards the
superconductor with an energy de away from the Fermi energy Er > de. Given here
that the energy is smaller than the superconducting gap (de < A), there are no states
in the superconductor to accommodate the electron by itself in the superconductor!”.
Instead a second electron with energy —de and opposite momentum —Ee but with the
same group velocity ¥ pairs up with first one to form a Cooper pair and have become

16Current per unit length J = dI/dzx.
17 Above and below the superconducting gap A electrons can form quasi-particles and the charge
transfer is accompanied by a single charge e.
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2.5. Superconductivity in Graphene

part of the condensate in the superconductor. The second electron has left a hole
behind with an inverted momentum k. and group velocity direction —¢ and thus the
hole retraces the path backwards. This is shown in Fig. 2.7c in real space, with in
Fig. 2.7b the corresponding energy dispersion in graphene where the Fermi energy is
larger than the superconducting gap |Er| > A. The total charge that is transferred is
2e and thus the conductance across the interface is doubled compared to the normal
state resistance.

(a) A (b) \ E1 (d) \ E1
E g
vk, - +4 N h N ¢
........ X hook
56[ ‘
------- E,
o B © &),
-y k, A BAW wly
N S % ‘

Figure 2.7: (a) Andreev Reflection occurs at a normal-superconductor (N-S) interface,
where an electron impinging on the interface pairs up with a second electron to form a
Cooper pair. The resulting hole that is left behind travels backward. The total charge
transferred is doubled, which in experiments is detected as a doubling of the conductance. In
(b) and (d) the linear band dispersion of graphene at high charge carrier density and at zero
charge density. In the latter specular Andreev reflection, in (e) occurs by the interchange of
a subband. This effect has not been seen yet in experiments. (c¢) The retro-reflected situation
occurs at high densities and is so far always seen in experiments.

The chirality is conserved in an Andreev reflection process, this has an important
implication [99]. Backscattering is prohibited within the same sublattice. Thus at
normal incidence, an electron cannot backscatter at the graphene/superconductor in-
terface and the Andreev reflection probability is unity. This is analogous to the Klein
tunnelling situation with a potential barrier [77, 100].

Another effect that can exist in graphene/superconductor interfaces is specular
Andreev reflection. This is illustrated in Fig. 2.7d and 2.7e. When the Fermi energy
is smaller than the superconducting gap (i.e. undoped graphene) |Er| < A, the
reflected hole will appear in lower subband, which has a different band index. The
hole still has the same momentum but since it resides in a different subband its group
velocity is this time aligned with the momentum and is thus specularly reflected.
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CHAPTER 3

Experimental Methods

3.1 Introduction

In this chapter the experimental methods are treated that have been used in most
of the experiments described in this thesis. Device fabrication is usually done in the
following order:

e Graphene deposition by mechanical exfoliation
e Characterization

e Transfer to hBN

e Contacting graphene

e (Cleaning processing

These steps are treated one by one in the next sections. For some experiments we
used different processing steps, which are treated separately in the chapters. Here we
provide the general approach. In the last section we describe the measurement setup.

3.2 Graphene by exfoliation

For most of the experiments described in this thesis graphene is made by mechani-
cal exfoliation of graphite as first demonstrated by Novoselov et al. [1]. We have peeled
off flakes from natural graphite! with blue Nitto tape?. It has just enough adhesion to
peel off graphite with minimal glue contamination. About 10 to 20 times of successive
peeling of a graphite chunk of ~ 3 mm is enough to spread graphite over an area
of approx. 25 x 25 mm?, this is shown in Fig. 3.1a-c. On that area we press quite
firmly a 19 x 19 mm? diced Si/SiOy substrate on the tape. We then release carefully
the tape, as in Fig. 3.1d. A part of the graphite remains on the substrate, shown in
Fig. 3.1e. Graphite and graphene are randomly distributed and need to be searched
with an optical microscope. An example of graphite on SiO5 is shown in Fig. 3.1f.

INGS Naturgraphit GmbH
2SWT 20+ Nitto Dekko Corp.
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Figure 3.1: (a) A graphite chunk of ~ 3 mm on blue tape. (b,c) This chunk is exfoliated.
(d) The tape is pressed onto a Si/SiO2 substrate and gently released. (e) The resulting
graphite on a chip after exfoliation. (f) Small graphitic flakes under an optical microscope
at 5x magnification. (g) Monolayer graphene is indicated by the arrow. (h) The resulting
contrast as function of wavelength for different oxide thicknesses. The yellow bar indicates
at which wavelengths the human eye is most sensitive to contrast.

3.2.1 Visibility of Graphene

Graphene monolayers made by the exfoliation method are typically of the size of
1 — 30 um and are searched with an optical microscope®. Finding monolayer flakes
larger than 5 pm is most efficient with 20x magnification, for smaller flakes we need
50x or 100x. In Fig. 3.1g a 100x magnification image of a typical graphene monolayer
is shown.

The thickness of the SiOs top layer determines the contrast of graphene [24]. A
thickness of 90 nm oxide has the best contrast. However, 285 nm oxide gives also a
decent contrast. In some more recent experiments 660 nm oxide was used in order to
minimize the chance of electrical leakage through the oxide*. With the same method
as in Blake et al. [24] we calculated the optical contrast as function of wavelength
for different thicknesses of SiOs, given in Fig. 3.1h. Under white light illumination
the human eye is most sensitive to green (~ 550 nm) light [101], and therefore oxide
thicknesses of 90, 285 and 660 nm give optimal contrast.

In some cases graphene is prepared on other substrates than SiOs, such as on
thin polymer films, such as PMMA®. The contrast is optimised by the right thickness
according to the index of refraction of the particular polymer used.

30lympus BX51.

4We have encountered quite some back gate leakages through the oxide. A thicker oxide minimized
this. But switching to other metals, such as sputtered tungsten (W) also reduced leakages presumably
occurring during ultrasonic wire bonding.

5PMMA stands for Polymethylmethacrylate.
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3.3 Characterization Methods

Here we discuss the most common characterization methods that are used for the
experiments described in this thesis.

3.3.1 Atomic force microscopy

Atomic force microscopy (AFM) is used to look at the surface topography of
graphene and hexagonal Boron Nitride (hBN) at a sub-nanometer height resolution.
This is done in tapping mode, where the tip oscillates and is never in contact with the
surface. With this method we are able to extract the layer thickness of graphene and
hBN and so the number of atomic layers. A typical height measurement is shown in
Fig. 3.5.

Another possibility is to judge whether graphene or hBN is sufficiently clean. For
that we record the amplitude-error, which is sensitive to height differences and is
more suitable for topography measurements. The value of the amplitude is related to
the setpoint and is cantilever specific, thus the color scale is meaningless and usually
omitted. A typical image is shown in Fig. 3.6.

For surface scanning we have used a Veeco Nanoscope Illa in tapping mode with
Olympus OMCL-AC160TS-W2 tapping mode cantilevers. The mechanical cleaning is
done in contact mode and stiffer cantilevers are used, Olympus OMCL-TR800PSA-1.

A concise introduction to atomic force microscopy is found in the introduction of
a review by Giessibl [102].

3.3.2 Raman microscopy

We can use Raman microscopy to determine the number of layers of graphene.
Raman scattering is inelastic photon scattering. An incident photon excites an electron
from the ground state to a virtual state, which subsequently makes a transition to a
higher vibrational state than it started in, thereby emitting second photon. The
scattered photon has a slightly lower energy than the incident one, this is called Stokes
Raman Scattering®. The energy difference or Raman shift corresponds to the energy of
a certain vibrational mode of the lattice. The scattered light is led through a narrow
band-pass filter (notch filter) to a spectrometer. The notch filter blocks only the
incident (excitation) wavelength. The resulting light is measured in a spectrometer.

A typical spectrum of monolayer graphene is given in Fig. 3.2. Here two resonances
are visible: the so-called G mode (~ 1580 cm~!) and 2D mode (~ 2690 cm™1). The G
mode is the stretching-bond mode of pairs of sp?-bond carbon atoms, which involves
an intra-valley one-phonon process. This mode is always present in graphene and does
not require sixfold rings.

In the case of defects or close to edges the D mode (defect related mode) appears,
shown in the upper curve at ~ 1350 cm~!. This spectrum is of a monolayer with
disorder. The D mode is a breathing mode of a sixfold ring and is not allowed for

6The reverse is also possible and is called Anti-Stokes Raman scattering. Here an electron is
already in an excited vibrational state makes the transition to the ground state via a virtual state.
Anti-Stokes resonances are in general weaker than Stokes and in this thesis we solely look at Stokes
resonances.
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Figure 3.2: Bottom curve: Typical Raman spectrum for monolayer graphene, with its G
and 2D mode. Middle curve: The Raman spectrum for bilayer graphene. Top curve: Raman
spectrum of defected graphene, where a defect (D-mode) is present.

the case of pristine (defect free) graphene. The D mode is only observed near edges
and when graphene is defected”. In the latter case a low charge carrier mobility is
expected.

Even in absence of disorder the second order of the D mode is visible, this is the
2D mode. The 2D mode is a doubly resonant process carried by two phonons and
does not require a defect for its activation.

The spectra of monolayer and bilayer are quite distinct from each other. Raman
is a good quantitative measurement for making a distinction. Their 2D mode differs
in intensity (with respect to the G mode) and shape. In monolayer graphene the 2D
is a sharp resonance, but in bilayer graphene the peak splits off in four overlapping
peaks [103]. The origin of these four peaks is the electron dispersion splitting in bilayer
graphene. Multi-layer graphene or graphite also show asymmetric 2D resonances in
their Raman spectra. In this way we are able to distinct monolayer from bilayer and
multi-layer graphene. Raman is a non-invasive and quick measurement, which makes
it a powerful method for characterizing the number of layers in graphene. For good
reviews about Raman spectroscopy on graphene we refer to Malard et al. [104] and
more recently Ferrari and Basko [105].

In almost all our experiments we have used a Renishaw InVia system with a 514 nm
Ar laser. The laser spot size is diffraction limited with a maximum power of 10 mW
applied.

3.4 Electron-beam lithography

The devices discussed in this thesis are quite diverse, and involve diverse fabrication
procedures. In this section the fabrication methods are explained that are in common
for most of the experiments.

"for instance by the presence of sp® bonds or vacancies.
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3.4.1 Contacting graphene

Electron-beam lithography is used to define contacts in PMMA thin films (100-
300 nm thick) with an electron-beam pattern generator, EBPG (Vistec EBPG5000+
HR B017). The acceleration voltage is 100 kV. Small features (100 nm) are written
with typically 1-5 nA beam currents yielding a spot size of ~ 20 — 40 nm and for
coarse features (> 3 pm) a beam current of 100 nA is used which gives a spot size of
~ 100 nm. For 100-300 nm thick PMMA films a dose of 1200 xC cm™2 is sufficient
exposure for regular structures®. This is illustrated in Fig. 3.3a.

@) (b) (©) metal (d)
e-beam development evaporation lift off
W WHA
resist- \ \ o

Si/Sio,

(e) (f) (9) (h) (i)

metal / graphene e-beam development dry ething cleaning
deposition W EARRRRAA R AAARRAR]
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Figure 3.3: Standard electron beam lithography techniques. (a) A resist layer is exposed by
e-beam. (b) It is chemically developed where the exposed area is removed (positive resist).
(c) Metal is evaporated or in some cases sputtered. (d) The metal/resist film is lifted off. (e)
Metal (usually sputtering) or graphene is deposited. (f) Etching mask defined by e-beam.
(g) The mask is developed and (h) subsequently (dry) etched. (i) The mask is cleaned in
acetone, in case of PMMA.

The exposed chips are developed in a 1:3 mixture of MIBK:IPA? for at least 30
sec, usually 2 min and rinsed in IPA to stop the development, Fig. 3.3b.

Contacts are made by e-beam evaporating from a metal target onto the chip with
the developed mask, Fig. 3.3c. This is then lifted off, Fig. 3.3d. Au or AuPd contact
graphene sufficiently well. To improve the adhesion on SiOq, a thin (~ 3 nm) film of
Ti is used as sticking layer. On different substrates, in particular hexagonal Boron
Nitride (hBN), Ti is not suitable as adhesion layer, so we use Cr instead. Cr can
diffuse quite easily in Au at elevated temperatures. This can be prevented by adding
a stop layer of Pd (~ 4 nm). So the resulting stack to contact graphene is Cr/Pd/Au
and sustains temperatures up to at least 250 °C.

8For less common structures such as thin lines or entirely exposed areas it is necessary to adjust
the dose for compensating proximity effects. In addition the ebeam software has an algorithm for
proximity effect correction.

9MIBK is 4-methyl-2-pentanone or Methyl isobutyl ketone, IPA is isopropanol.
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3.4.2 Etching graphene and bottom split gates

Local bottom gates are made by sputtered tungsten (W), Fig. 3.3e, where the
patterned resist acts as an etch mask. The areas of the resist that are to be removed
are exposed!?, Fig. 3.3f. After development, Fig. 3.3g, the tungsten is dry etched in a
plasma, Fig. 3.3h. At last the etch mask is cleaned, Fig. 3.3i.

There are numerous advantages for using W: (1) It can sustain very high tempera-
tures (up to 600 °C or even higher!!); (2) The films are in general smoother compared
to evaporated metals; (3) Etching of W can be done very anisotropically in our etch-
ing system, which can yield well defined e-beam markers and very small gaps between
gates (resulting in split gates); (4) Ultra sonic bonding on W has a higher success rate
than i.e. Ti/Au. Usually less power is needed, which reduces the chance to damage
the oxide.

Graphene is etched by reactive ion etching (RIE) in an Os plasma. It is very
similar to the process of metal etching where we start with graphene instead of metal,
Fig. 3.3e. With an e-beam defined pattern in PMMA we can etch graphene in a
desired shape, Fig. 3.3f. The following conditions'? are sufficient to etch graphene:
30 sec, 25 scem Oz, 50 pbar and 20 W power, Fig. 3.3h. The etch rate of PMMA is
~ 3 nm/s. This means that a mask of at least 100 nm thick is necessary. The etch
mask is cleaned in acetone, Fig. 3.3i.

3.5 Transfer

In this section we will discuss transfer methods for graphene and hBN. We have
developed our own water-based method, which is treated in full detail in Chapter 4.
Here we discuss our version of a dry transfer method'® adapted from Ref. [32].

3.5.1 Substrate effect

The electronic quality of graphene is strongly determined by its underlying sub-
strate. Graphene on SiO, has charge carrier mobilities of ~ 2000 —6000 cm? V~1 s71,
four orders lower than its intrinsic value of ~ 107 em® V=1 s=1 [9]. This is due
to charged impurities present in the oxide. And secondly when graphene conforms
the rough surface of SiO, it becomes more reactive to form sp® bonds, leading to
short range scatterers [106, 107]. By removing the substrate below and thus suspend-
ing graphene the charge carrier mobility is improved by two orders of magnitude,
~2-10° ecm? V~1 71 [30].

Another possibility is to replace the SiOs substrate by one that is inert and atom-
ically flat, such as hBN flakes. This has first been demonstrated by Dean et al. [32],
where the authors show a charge carrier mobility of ~ 60000 cm? V~! s~ More re-
cently, graphene encapsulated in hBN has been found by Mayorov et al. [34] to exhibit
ballistic transport over a ~ 1 pm at room temperature. Although graphene on hBN

10In case of negative resist, such as NEB, we expose the areas that are not removed.

HThis is not the case in ambient air, only in vacuum or in Ar/Hs.

12Recently we found that 12 sec, 25 sccm Oz, 50 pbar and a power of 10 W is also sufficient for
etching graphene. Longer timing and higher power may result in over-etching and damaging edges.

13»Dry” means here that the graphene is never in contact with water or solvents.
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shows most of the time lower charge carrier mobility than suspended, it is much more
practical for device fabrication, as free hanging graphene is very fragile. To stack
graphene onto hBN we need an ultra-clean (i.e. no water) transfer method.

3.5.2 Dry transfer methods

Here we describe a method for transferring exfoliated hBN onto local bottom gates.
This method can be equivalently used for exfoliated graphene stacking onto hBN.

hBN is prepared on a Si substrate coated with a PVA/Elvacite film by mechanical
exfoliation using the blue Nitto tape. Optimal contrast for observing thin hBN flakes
is optimised by the right'® thickness of PVA'> and Elvacite!. A 0.25 mm thick
Lexan frame is stuck by double-sided tape to the Elvacite side, illustrated in Fig. 3.4a.
Next the sacrificial PVA film is dissolved in H5O to release the Elvacite film from its
substrate. The result is illustrated in Fig. 3.4b, where the frame with the Elvacite
polymer is floating on water with the graphene facing up. It is gently taken out and
dried. The frame with film is attached to a micro-manipulator. The hBN can be
observed from the bottom in an optical microscope and is aligned onto the target
substrate, Fig. 3.4c. During the transfer the stage is heated to 80 °C above the glass
transition temperature of Elvacite (36 °C). Once the film is molten on the surface, the
target substrate with film is peeled off the frame and left on a hot plate at 80°C for
at least an hour to improve adhesion of the hBN to the substrate. The polymer film
is then removed by dissolving it in acetone. hBN is then cleaned by oven annealing
(Sec. 3.6.2).

< -

Si

Figure 3.4: (a) A Lexan frame is hand cut and stick to the Elvacite side of the stack. (b)
Next it is put in water, in order to dissolve the PVA film, which detaches the Elvacite from
the substrate. (c) The frame with film is transferred upside down onto a second substrate
with a gate structure, while aligning under optical microscope.

CVD graphene on Elvacite films are transferred in a similar way, which is described
in more detail in Chapter 9.

14The optimisation is not very precise. We usually aim for a colour close to purple right after the
spin coating of the layers.

15Polyvinyl alcohol in 6 wt% HoO, Sigma Aldrich 360627.

16 Elvacite 2550 Acrylic Resin dissolved in MIBK, Lucite International, Inc. See Ref. [33]
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Chapter 3. Experimental Methods

3.6 Cleaning Graphene

Polymer residues tend to stick to graphene surfaces. This lowers the electron
mobility considerably and therefore it is ultimately necessary to remove these residues.
In this section we discuss possible solutions to clean graphene from residues.

3.6.1 Chemical cleaning

Most of the polymer films (PMMA, MMA, Elvacite, etc) on graphene and hBN are
removed by acetone. However, a thin residue will stick to the surface which then needs
to be removed by other methods. An AFM image of a surface with residues is shown
in Fig. 3.5a. Attempts using chloroform or dichloroethane were not as successful as
reported by Ref. [108].

3.6.2 Oven annealing

ical cleaning (b) High vacuum annealed
o8, F
e c I

Figure 3.5: (a) An AFM image of a hBN surface after only acetone cleaning. Polymer
residues are clearly visible. (b) The result after high vacuum annealing

Residues are usually successfully removed by oven annealing in forming gas Ar/Hs.
The samples are placed inside a ~ 1 inch quartz tube. A mixture of Ar/Hy 600/400 sccm
is led through the tube. The tube with samples inside is placed in a tube oven, Lund-
berg Blue M. The temperature is set to at least 250 °C with an up-rate of 7°C/min.
In some cases this is sufficient, if not we repeat the process at 300 °C. Devices without
gold are not limited by ~ 300 °C and usually annealed up to 550 °C.

Oven annealing in high vacuum (< 107% mbar) at ~ 600°C effectively removes
residues on hBN surfaces. In Fig. 3.5a an AFM image is shown of a hBN surface right
after transfer, where it is only cleaned in acetone. Polymer residues are clearly visible.
In Fig. 3.5b the result after annealing in high vacuum is shown.

For annealing graphene/hBN stacks it is possible to apply higher temperatures
than on graphene solely on SiO5. We have routinely annealed graphene/hBN stacks
up to ~ 600°C in either high vacuum or in forming gas. In Raman no D-mode
is measured, in contrast to graphene on SiOs. After such treatment wrinkles and
bubbles often are found, which is discussed in Sec. 3.7.

Another possibility to remove organic residues is to perform current-induced an-
nealing [10]. We pass a large current through a graphene device, ~ 1 mA pm™!, which
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3.7. Bubbles and wrinkles in graphene

generates enough heat in the graphene to anneal itself. We have performed current-
induced annealing in various experiments, but we were never able to reach a desired
result with consistency.

3.6.3 Mechanical cleaning

Mechanical cleaning is done by sweeping an AFM tip in contact mode over the
graphene surface and proved to be effective to clean up residues. This method is
developed by us and described in full detail in Chapter 8.

In Fig. 3.6a we show a graphene Hall bar device on hBN that has been etched and
mechanically cleaned to the extent that no damage was done. Most organic residues
(here MMA) are displaced aside on the hBN surface. To illustrate the surface mobility
of organic residues during heating, it is put on a hotplate for only 10 min at 300 °C.
An AFM image in Fig. 3.6b shows that residues have moved back onto the graphene.
Next an annealing step in Ar/Hs at 500°C is done with the purpose to remove again
the organic residues. In Fig. 3.6c the result is given. Here we would have expected
most organic residues to be gone, but the AFM image shows no improvement at all.
The organic residues are stuck on the graphene surface and annealing has no effect
anymore. Most likely heating in air at 300 °C chemically modifies the residues to an
extent that it is no longer possible to remove them by oven annealing. Depending on
the process that has been undergone, oven annealing is not always effective.

(a) mechanically cleanecJlltb) ~ 300°C air ~10 mln (c)500°C Ar/H2‘,~2f5_h‘oqf§

Figure 3.6: (a) An AFM image of a mechanically cleaned surface of a Hall bar. (b) An
AFM image of the result after a short time in air at 300°C. (c) Subsequent annealing in
forming gas at 500 °C has no effect.

3.7 Bubbles and wrinkles in graphene

Bubbling and wrinkling of graphene on various surfaces is a commonly observed
phenomenon by many groups. Since there are various causes we make here a distinc-
tion between different types:

e Wrinkles due to wet transfer. They have been observed by us and are
treated in detail in chapter 5.

e Wrinkles in CVD graphene from Cu during growth. The origin is a
mismatch in thermal expansion coefficient between copper and graphene. The
growth occurs at high temperatures, typically ~ 1000°C. During cool down
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copper shrinks!'”, while graphene expands'®, leading to bulging and wrinkling.
The typical size of these wrinkles is ~ 1 nm in height and width with an inter-
distance of ~ 10 — 50 pm. When the graphene sheet is subsequently transferred
the wrinkles maintain.

e Wrinkles and bubbles in graphene on hBN. This type of wrinkles and
bubbles are often seen in graphene that is transferred onto hBN. It is only seen
in graphene on hBN and not in the same graphene on SiOs. Its exact origin is
at time of writing under debate. Here we will discuss further this type.

3.7.1 Wrinkles and bubbles in graphene on hBN

CVD graphene that is transferred onto hBN shows typical wrinkling. Initially we
have used a wet transfer method for transferring CVD graphene. In Fig. 3.7a an AFM
image is taken of such a surface. Wrinkles and bubbles appear in somewhat different
shapes and on the flat areas a rougher surface than usual is measured (0.9 nm rms
roughness). This suggests that residues are likely to be present underneath. Next to
prevent or minimize contamination from residues, we employed a dry transfer method
with CVD graphene. The result is shown in Fig. 3.7b. Similar network is formed as
is routinely observed in exfoliated graphene that is transferred with a dry method by
others [111]. In between the wrinkles and bubbles the RMS roughness is estimated to
be 1.9 A which is the limit of the AFM height resolution, which does not exclude an
atomically flat surface.

Haigh et al. [112] have revealed that energy dispersive X-ray (EDX) and electron
energy loss spectroscopy (EEL) measurements in a cross section of a bubble mainly
consists of hydrocarbons. We note that this observation cannot exclude the possibility
that these hydrocarbons occupy the bubble after cutting it through.

Next we will illustrate its spurious formation without being able to clarify the
source of hydrocarbons. In Fig. 3.7c an optical microscope image of exfoliated graphene
monolayer is shown. The graphene monolayer flake is on a Elvacite surface, which can
be subsequently transferred onto hBN. But before that we have taken an AFM image
to find out whether residues are already present on the graphene surface. In the inset
an AFM image is shown and the RMS roughness is below the height resolution of the
AFM. It is clear that there are no residues present at all before transfer. In Fig. 3.7d
the monolayer graphene is transferred onto a hBN flake. In the inset an AFM image
shows wrinkling on the hBN surface. The hBN had undergone a similar annealing
treatment as in Fig. 3.5b.

We observe that two clean surfaces of graphene and hBN still yield wrinkles and
bubbles after transfer. The source of hydrocarbons is not clear. One possibility is that
during transfer once the polymer scaffold is in close contact with the target substrate
polymer residues diffuse onto the graphene due to mild heating of 80°C. Another
possibility, less likely though, is that there are actually small amounts of contaminants
present on the surfaces, with a roughness below the resolution of the AFM height
resolution. Another explanation could be a strong friction force between graphene and

L7Copper has a linear thermal expansion coefficient of 16.5 x 1076K~1 [109].
18Graphene has a negative linear thermal expansion coefficient of —8 x 1076K~1! [110].
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Elvacite
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Figure 3.7: (a) An AFM image of wet transferred CVD graphene. (b) An AFM image of
dry transferred CVD graphene. (c) exfoliated graphene on Elvacite before transfer with in
the inset an AFM image of the monolayer. (d) Monolayer graphene is transferred onto hBN
with in the inset an AFM image. Wrinkles and bubbles have appeared.

hBN combined with the mismatch between thermal expansion coefficients of graphene
and hBN?  as is claimed by Pan et al. [114].

3.8 Measurement Setup

Electrical measurements are initially carried out in a room temperature probe
station to test the device quality. To do low temperature measurements the chip is
glued with silver paint to a chip carrier and wires are connected with an ultra-sonic
bonding machine, West-Bond. In some cases the chip with bonds is oven annealed
again at 250 °C to reduce doping from contaminants and hydrocarbons. The carrier
is mounted in a socket and connected to the wiring of the cold finger, as shown in
Fig. 3.8b. Low temperature measurements are done in a Leiden Cryogenenics MCK-50
3He/*He dilution fridge. The setup is equipped with a superconducting magnet.

In Fig. 3.8a, a photo of the cold finger with a sample connected is shown. It hosts
24 wires that are optimised for low-noise DC measurements. The wires are led through
an RC filtering stage (10 kHz - 500 MHz) and next through copper powder filters?!

19The linear thermal expansion coefficient is —2.9 x 1076 K~ at room temperature Ref. [113].
20Up to 12 T at 4K with a magnet power supply SMS Crygenics Bipolar 5V 120A, Cryogenics Ltd.
211n total six Cu powder filters are used, each containing four manganin wires, 50 cm long, twisted
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Figure 3.8: (a) a photo of the cold finger of the low-temperature setup. Mixing chamber
is located at the top. RC filters and Cu powder filters are necessary for low-noise DC
measurements. (b) a close-up of a sample with bond wires in a chip carrier. (c) IVVI
rack, our home-build measurement equipment. (d) A Coulomb oscillation in electrostatically
defined quantum dot in GaAs/AlGaAs heterostructure. From the shape and width of the
Coulomb oscillation we estimate a electron temperature of 71 mK. (e) The peak width as a
result from the fits as function of the applied voltage bias. The peak width saturates to the
electron temperature at zero bias.

(10 MHz - above 40 GHz). At room temperature the wires pass a w-filter (10 MHz -
10 GHz). The DC resistance of a wire is measured to be 2.53 kQ. A copper cylinder
encloses the sample space, that acts as a Faraday cage (not shown in the photo).

Electrical measurements are done with a battery-powered, home-built measure-
ment equipment, the so-called 'TVVI’-rack??, Fig. 3.8c. A voltage source or a current
source module can be inserted and are controlled by DAC’s (digital analog convert-
ers). These components are galvanically isolated from peripheral equipment in order
to avoid any interference. Voltages and currents are measured with a voltage amplifier
and an [-V converter respectively and are as well galvanically isolated and communi-
cate optically. The resulting voltages are recorded either with a digital multimeter??
or a lock-in amplifier?4.

In this experimental setup a base temperature of ~ 35 mK is reached. For mea-
suring the electron temperature?® T,, we have used a GaAs/AlGaAs quantum dot

in pairs in Cu powder, the tube diameter is 10 mm and the length is 54 mm.

22Designed and made by R. Schouten. Specifications can be found here:
http://qtwork.tudelft.nl/~Schouten/

23Keitley 2700.

24Stanford SRS 830.

25The temperature defined by the broadening of the Fermi-Dirac distribution.
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calibration sample. A quantum dot is electrostatically formed by top gates. We in-
tentionally tuned thick energetic tunnel barriers?® and measure transport through the
quantum dot. A voltage bias of Viqs = 7.5 'V across the quantum dot is applied
and a current is measured. In Fig. 3.8d conductance as function of gate energy is
measured through a quantum dot, where a Coulomb oscillation?” is recorded. The
gate energy is set by the gate, that controls the energy levels inside the quantum
dot. A 1/cosh?(E/2.5kT,) function®® is fitted and yields an electron temperature of
T. =71 mK. A possible voltage offset of a few ~ ©V from the voltage amplifier has
not been subtracted. In Fig. 3.8e we show the peak width from fits as function of the
voltage bias. At low bias the peak width approaches the electron temperature, which
is close to the value found in Fig. 3.8d. This result is in very close agreement with
measurements in other devices in the same setup, see Ref. [111].

26The tunnel rates are small compared to the thermal broadening (hT' < kT).

2"When the energy level is aligned with the chemical potentials in the leads, transport occurs
through sequential tunneling and it is measured as an increase in the conductance, which is called
a Coulomb oscillation or Coulomb peak. From the shape of the Coulomb oscillation we can extract
whether transport is determined by the barriers itself or by the thermal broadening of the 2DEG in
the leads [115]. In this case it is determined by the thermal broadening.

28This function applies in the classical regime where the level quantization energy is negligible
compared to the temperature broadening and charging energy, see Ref. [115].
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CHAPTER 4

Wedging Transfer of Nanostructures

G. F. Schneider, V. E. Calado, H. Zandbergen, L. M. K. Vandersypen
and C. Dekker

In this chapter, we report a versatile water-based method for transferring nanos-
tructures onto surfaces of various shapes and compositions. The transfer occurs
through the intercalation of a layer of water between a hydrophilic substrate and a
hydrophobic nanostructure (for example, graphene flakes, carbon nanotubes, metallic
nanostructures, quantum dots, etc) locked within a hydrophobic polymer thin film. As
a result, the film entrapping the nanostructure is lifted off and floats at the air-water
interface. The nanostructure can subsequently be deposited onto a target substrate by
the removal of the water and the dissolution of the polymeric film. We show examples
where graphene flakes and patterned metallic nanostructures are precisely transferred
onto a specific location on a variety of patterned substrates, even on top of curved
objects such as microspheres. The method is simple to use, fast, and does not require
advanced equipment.

4.1 Introduction

4.1.1 Motivation

In applications ranging from soft lithography [116] to three-dimensional electron-
ics [117], the controlled transfer of nanostructures from one substrate to another is
crucial [118]. Despite the fact that nanofabrication methods have advanced substan-
tially [119], there is no general and robust approach yet available for transferring and
precisely aligning (nano)structures onto a specific device with submicrometer preci-
sion. Existing transfer methods are often limited in scope because they suffer from
process-specific drawbacks, such as optimizing the pressing force versus chemical ad-
hesion (for transfer printing by stamping) [120-123], the use of reactive chemicals (in
lift-off by etching) [73, 124-127], the use of irreversible mechanical stripping method-
ologies (e.g. peeling) [128-130] to separate two solid surfaces brought in contact, or

This chapter is based on the paper titled ‘Wedging Transfer of Nanostructures’ Nano Letters 10,
1912-1916 (2010).
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Chapter 4. Wedging Transfer of Nanostructures

Figure 4.1: Time-lapse optical imaging of the simultaneous wedging of two hydrophobic
polymer layers that were deposited on both sides of a microscope glass cover slip.

exposure to high temperatures needed for baking polymer sticking layers or for releas-
ing thermal adhesives [131]. This list is not exhaustive but is representative of the
most popular techniques used for transferring.

4.1.2 Wedging principle

The technique that we introduce here, wedging transfer, is versatile, suitable for
transfer onto many different type of substrates, including curved surfaces, and in-
trinsically combines transfer and alignment. The technique is based on the simplest
view of the hydrophobic effect [132, 133]: water wets hydrophilic surfaces and avoids
hydrophobic ones [134, 135], and is inspired from methods generally used to prepare
polymer-coated transmission electron microscopy grids [136]. As we will demonstrate,
this implies that water can lift off a hydrophobic object from a hydrophilic substrate.
For instance, a graphene monolayer flake can be lifted off and transferred from one
substrate to another one, simply by using water as the active-transfer component.

4.2 Glass slide example

Fig. 4.1 depicts the principle of the wedging transfer. A microscope glass slide
is coated on both sides with a cellulose acetate butyrate polymer thin film (see Sec.
4.7). Dipping the slide into water releases the polymer film from the glass slide. As
a result, the polymer film floats on water. The wedging is observed to work for at
least two incidence angles, here ~ 30° and ~ 150° between the polymeric films and
the water meniscus. The wedging process is found to be intrinsically reversible: by
retracting the glass slide again from water, the polymer film is re-deposited on the
initial substrate (data not shown). The physical driving force yielding the lift-off is the
capillary force exerted by water that invades the hydrophilic/hydrophobic interface,
resulting in the dynamic separation of both surfaces. The wedging only depends on
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the kinetics and thermodynamics of water invasion, and is therefore independent of
the experimentalist’s skills: wedging will always occur if the experiment is performed
slowly enough (few seconds as a time scale).

4.3 Transfer & alignment

The wedging principle can be used for transferring nanostructures, as schematically
illustrated in Fig. 4.2. In Fig. 4.2a a hydrophobic pattern (e.g., the word WEDGING)
that has been fabricated on a hydrophilic substrate (such as glass, quartz, mica, SiOq
is dipped into a solution of a hydrophobic polymer!, thus forming a solid polymer
layer covering the pattern after the evaporation of the solvent at room temperature,
Fig. 4.2b. Subsequently, the polymer film which now includes the pattern that is to be
transferred is wedged in water and floats at the water/air interface because of surface
tension forces, Fig. 4.2c. Transfer to the new location occurs when the water level is
lowered enough for the polymer film to reach the receiver substrate, Fig. 4.2d. Once
deposited onto a selected target spot of the receiver substrate (target markers shown
in black in Fig. 4.2e, the polymer film is removed by dissolving it into the solvent used
for its initial dissolution (here ethyl acetate), Fig. 4.2f.

(a) Patterned nanostructure (b) hydrophobic polymer (C)
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Figure 4.2: Illustration of the handling steps involved in the wedging transfer technique.

4.4 Graphene transfer

As a first demonstration of our method, we transferred a flake of graphene [1, 46,
137-140]. While it is now a routine to obtain single-layer graphene by mechanical
exfoliation of bulk graphite and to identify the single-layer flakes by means of their
optical contrast against the bare substrate [24], one of the major drawbacks of this
technique is that graphene flakes are arbitrarily distributed on the substrate. It would
be of great use if specific flakes could be picked up from the substrate, and redeposited
in a precise location on another substrate, for instance on top of prefabricated contacts,

LCellulose acetate butyrate, 30 mg/mL in ethyl acetate, Sigma-Aldrich.

35



Chapter 4. Wedging Transfer of Nanostructures

{Syringe pump |

Figure 4.3: Demonstration of the wedging transfer technique with the controlled transfer of
a multilayer graphene flake. (a) The experimental setup consists of a conventional low mag-
nification optical microscope, and a standard sewing needle connected to a micrometric screw
to precisely align the wedged polymer film (including the graphene pattern) on top of a target
device. (b) Optical microscope image of a few graphene layers on a Si/SiO2 wafer obtained
through the standard mechanical-exfoliation method (oxide thickness of 285 nm). (c¢) The
target device which is a SIN membrane with a 5 pgm diameter hole. (d) Graphene/polymer
layer deposited onto the target device after the wedging and drying under ambient conditions.
(e) Graphene flake on the target device after dissolution of the hydrophobic polymer film.
Scale bars are 10 pum in all images.

a TEM grid, or other fabricated nanostructures. Graphene thus is an excellent model
material to demonstrate the applicability of the wedging transfer technique.

The wedging transfer and alignment of a graphene sample onto a target spot on
the receiver substrate is depicted in Fig. 4.3. In our setup (Fig. 4.3a), we laterally
moved the graphene flake (Fig. 4.3b) along the water/air interface by using a probe
needle that contacts the polymer layer and thereby aligned the flake over the target
spot (square pattern with a round hole of 5 um diameter, Fig. 4.3c. The probe
needle is manually or electrically moved in the lateral and height directions with three
orthogonal micrometric screws. Because of the high transparency of the film, we can
use an optical microscope to align the position of the graphene flake with respect
to the target with sub-micrometer accuracy. During the aligning, the water level in
the Petri-dish is lowered using a syringe pump. Upon pumping out the water, the
graphene is deposited onto the target spot of the receiver substrate. Its shape is
preserved during the transfer (Fig. 4.3d), and, importantly, also after the dissolution
of the polymeric scaffold (Fig. 4.3e). For example, we performed 49 wedging transfers
with graphene so far. All flakes were always successfully transferred onto SiN and
Si/SiO9 receiver substrates (Fig. 4.4a), and also onto mica surfaces. Mica is difficult
to use as a substrate for graphene with the mechanical exfoliation method, since layers
of mica will also exfoliate when using the Scotch tape. Fig. 4.4b shows the successful
wedging transfer of graphene onto mica, observed in the transmission mode of an
optical microscope [141].
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4.5 Versatility

We have explored the applicability of the wedging transfer to a variety of other
structures. Figures 4.4c and 4.4d show examples of gold microelectrodes and gold
nanostructures respectively. The polymer solution is supplemented with an aliphatic
thiol?, to increase the sticking between the gold and the polymer. This enabled us
to transfer with a success rate of 100%, gold microelectrodes patterned on Si/SiOq
wafers®, onto substrates such as SiO, already covered with other microelectrodes
(Fig. 4.4c). We also successfully transferred gold nanofabricated letters* onto highly
curved objects such as polystyrene microspheres (Fig. 4.4d). Some nanostructures
(~ 10%) were not fully transferred (note some missing letters), possibly because the
polymer film is not elastic enough to conform totally to the curved object. Increasing
the elasticity of the film can possibly be achieved by lowering the concentration of the
polymer in the solvent or adding plasticiser molecules to the polymer.

4.6 Conclusion

We have developed the wedging transfer method that is simple, fast and versatile,
and can readily be employed in a standard equipped lab.

As a final illustration of the extreme simplicity of the method, one can take a
white board marker, write a line onto a microscope slide or a stainless-steel spoon,
dip it into a glass of water and immediately see the line wedging and floating on top
of water. Subsequently, the line can be redeposited with a backwards movement onto
the original substrate, or onto another material. To the best of our knowledge, there
are no other transfer techniques that are so effective and straightforward.
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4.7 Methods

4.7.1 Preparation for wedging transfer

A hydrophilic wafer is dipped in a solution of cellulose acetate butyrate ( 30 mg/mL
in ethyl acetate). After dipping (the total dipping procedure lasts about three sec-
onds), the substrate is removed from the polymer solution and the solvent is left to
evaporate under ambient conditions. At this point in time, the edges of the sub-
strate are still covered with the polymer (hindering the water to intercalate at the

20.1 vol% of 1-dodecanethiol, Fluka Analytical Ref. #44130, a hydrophobic self-assembled mono-
layer will spontaneously form onto the gold surface [141]. This hydrophobic self-assembled monolayer
increases the sticking between the polymer and the gold by means of the hydrophobic interactions.

3The gold is ebeam evaporated without a chromium or titanium sticking layer.

470 nm line width, also in the presence of thiolates.
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Figure 4.4: Four examples of wedging transfer of nanostructures.(a) Wedging transfer of a
graphene monolayer from a Si/SiO2 wafer (left) onto a SiN membrane with a patterned 5 m
hole. The polymer film has not yet been dissolved (right micrograph) to enhance the contrast
and the optical visibility of the monolayer onto the target substrate. Scale bar represents
10 pm. (b) Wedging transfer of graphene multilayers (including a monolayer, see dashed lines
pointed near the arrow) from a Si/SiO2 wafer (left) onto mica, observed in the transmission
mode of the optical microscope (right). Scale bar represents 10 pym. (¢) Scanning electron
microscope image of patterned gold microelectrodes (left, smallest lines 2 ym wide, 50 nm
thick, without titanium sticking layer). These electrodes were transferred from a Si/SiOq
wafer onto another Si/SiO2 wafer that contained a previous pattern of perpendicularly ori-
ented microelectrodes (smallest line 200 nm wide, 20 nm Ti, 50 nm gold). Scale bar represents
10 pm. (d) Scanning electron microscope image of the letters WEDGING that have been
transferred from Si/SiO2 onto a 10 um diameter polystyrene microsphere (the scale bar is
5 pm). An enlargement of the square is shown on the right (the scale bar is 1 ym). The gold
letters were made by e-beam lithography (see methods) and have 70 nm line width and 20
nm thickness.
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hydrophilic/hydrophobic interface) [136]. Therefore, by using a cotton swab impreg-
nated with the same solvent as the one used to solubilise the polymer, the edges are
cleaned so that water can intercalate at both interfaces. Alternatively one can use
a sharp razor blade and scratch the polymer at the edges of the wafer. Both meth-
ods yield indistinguishable results. The substrate is then dipped into water with an
incidence angle of ~ 30°.

4.7.2 Preparation of graphene samples

We prepared graphene sheets on clean and freshly plasma oxidized 285 nm Si/SiO-
substrates (Oz, Diener) by mechanical exfoliation, See Sec 3.2. To ensure the inter-
calation of water between the substrate and the polymer, especially if the graphene
flakes were prepared more than a few hours before being wedged, we usually remove
junk graphite with a cotton swab impregnated with ethanol from the substrate. Only
the region of interest is left untouched and is further covered with a small drop of the
polymer (~ 2 pL). This now acts as a protection mask once the wafer is exposed to
air plasma (5 s, SPI Plasma Prep II). The protective mask is then dissolved in the
polymer solution (30 dips are enough to solubilize the mask) and the procedure above
(e.g., preparation for the wedging transfer) is performed.

4.7.3 Nanofabrication of the gold WEDGING patterns and mi-
croelectrodes

A 60 x 60 pm? field with many copies of the word WEDGING (letter line width is
70 nm) is written by electron-beam lithography in a 495K /950K double spun PMMA
layer. A 20 nm gold layer is evaporated. Subsequently, the PMMA /Au layer is gently
lifted-off in acetone. Prior to dipping the wafer in the cellulose acetate butyrate
solution®, the wafer was plasma oxidized under an O plasma for thirty seconds®. The
patterns are then wedged onto 10 um polystyrene microspheres’ previously adsorbed
from solution on a Si/SiOs substrate. The SEM image is taken with a FEI XL30S
microscope operating at 30 kV. The same method was used to fabricate the gold
microelectrodes.

5Supplemented with 0.1 vol% of 1-dodecanethiol.
6SPI plasma cleaner.
"Polybead Polystyrene, Cat# 17136, lot #597574, Polysciences, Inc.
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CHAPTER 5

Formation and control of wrinkles in
graphene by the wedging transfer method

V. E. Calado, G. F. Schneider, A. M. M. G. Teulings, C. Dekker and
L. M. K. Vandersypen

We study the formation of wrinkles in graphene upon wet transfer onto a hy-
drophilic target substrate, whereby draining of water appears to play an important
role. We are able to control the orientation of the wrinkles by tuning the surface mor-
phology. Wrinkles are absent in flakes transferred to strongly hydrophobic substrates,
a further indication of the role of the interaction of water with the substrate in wrin-
kle formation. The electrical and structural integrity of the graphene is not affected
by the wrinkles, as inferred from Raman measurements and electrical conductivity
measurements.

5.1 Introduction

Although graphene is a 2D crystal, it is so far only found on a substrate, as a
membrane with a supporting construction [137] or grown at the surface of SiC [142].
Therefore it is considered to be a quasi 2D crystal. Quasi-2D graphene is in general
not flat, but has a tendency to form corrugations, including ripples, wrinkles and
bubbles [137, 143]. The curvature associated with such corrugations is predicted to
alter graphene’s electronic and structural properties [144, 145]. Corrugations are of-
ten regarded as undesirable, but they can be exploited for inducing pseudo-magnetic
fields [146], creating chemically reactive sites [147], and for specific device applications
such as optical lenses [148]. Numerical simulations have been done to understand the
formation of wrinkles and their impact on graphene [149-152].

Wrinkles are commonly found in chemical-vapor-deposition (CVD) grown graphene
that is transferred to other substrates [153-156]. In CVD graphene wrinkles are formed
at metal step edges due to thermal stress. The morphology of the metal growth surface
can still be seen after transfer. In many cases additional wrinkles, ripples, and bubbles
are formed upon transfer. Exfoliated graphene mostly conforms to the corrugations

This chapter is based on the paper titled ‘Formation and control of wrinkles in graphene by the
wedging transfer method’ Applied Physics Letters 101, 103116 (2012).
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(a)

wrinkle

Figure 5.1: (a) a SiO; substrate with graphitic flakes covered with a polymer (cellulose
acetate butyrate (CAB)). (b-c) The polymer film is “wedged off” the substrate and floats on
water. (d-f) Film-strip of a wet transfer process seen through an optical microscope (the time
stamps are approximate). The arrow points at a large corrugation that is already present
when the flake is floating on water. Once water is drained, the corrugation is left behind as
a wrinkle. The scale-bar is 50 pm. The schematics in the insets show the water level.

of the underlying substrate [157], although small additional wrinkles can be observed
in a scanning tunnelling microscope [158].

In this chapter we study the formation of wrinkles in graphene during the so-called
wedging transfer process, a water-based transfer process (Ch. 4). We give insight in the
driving forces for wrinkle formation and suggest different routes to control the wrinkle
orientation and abundance, or to eliminate wrinkles altogether. We also examine
to what extent the electronic and structural integrity of graphene is preserved upon
wrinkle formation.

5.2 Wrinkle formation

The wrinkle formation can be already seen with an optical microscope, as illus-
trated for a graphitic flake in Fig. 5.1 (the entire process is carried out under ambient
conditions). Graphitic flakes of varying thicknesses are prepared by mechanical ex-
foliation, see Sec 3.2. A hydrophobic polymer film covers the substrate (Fig. 5.1a),
and is “wedged off” the substrate by intercalation of water (Fig. 5.1b), along with the
graphitic flakes. As a result, the film with the flakes is floating on top of the water
surface (Fig. 5.1c). Then the water is gradually drained, which brings the polymer
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5.2. Wrinkle formation

Figure 5.2: (a) An optical microscope image of a wrinkled graphite flake of different thick-
nesses (down to ~ 3 nm thickness). (b-e) Atomic force microscope (AFM) image of the
different parts as indicated in (a).

film closer to the target substrate underneath (Fig. 5.1d-e). Here the target sub-
strate is just another Si/SiOy substrate, but the transfer can be done onto arbitrary
structures [159]. As water is drained further the polymer film comes in contact with
the target substrate and pre-existing wrinkles will act as channels that drain water
(Fig. 5.1f). Finally, the water is drained away completely and the channels are left
behind as wrinkles (Fig. 5.1g).

As the thickness of a graphitic sheet is reduced, the wrinkles increase in density and
decrease in height (Fig. 5.2). This can be expected given the lower stiffness of thinner
sheets. Fig. 5.2a shows a graphitic flake with pieces of different optical contrast,
corresponding to different sheet thicknesses (the lower the contrast, the thinner the
flake). Fig. 5.2b-e show atomic force microscopy (AFM) images taken on the respective
parts of the flake, as indicated. The mean wrinkle height is (¢) 12 £ 7.9 nm, (d)
7.6 £3.4 nm and (e) 4.4 £+ 1.5 nm, respectively, see Sec. 5.6.

The highest density and lowest height of the wrinkles is obtained for single-layer
graphene (SLG). Fig. 5.3 shows an AFM image of a SLG flake (a) before and (b) after
transfer, showing no wrinkles before transfer and a large wrinkle density afterwards.

The Raman spectrum of this SLG flake taken after transfer (Fig. 5.3c, wrinkled) is
very similar to that taken before transfer (pristine). It is characteristic of single layer
graphene [103], and there is no detectable defect-related D band near ~ 1350 cm™1.
There is no evidence for degradation of the structural integrity of SLG upon wedging
transfer.
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5.3 Transport measurments

Next we perform electrical transport measurements in order to estimate the charge-
carrier mobility and the mean-free path. We contact several wrinkled SLG flakes with
10/60 nm Cr/Au electrodes using e-beam lithography. A typical device is shown in the
inset of Fig. 5.3d. In a four-point field effect transistor (FET) geometry we measure
the resistance as a function of applied back-gate voltage, Fig. 5.3d. The measurement
is done in high vacuum (~ 10~° mbar) at room temperature. The flake geometries are
irregular. For estimating the conductivity from the conductance we choose an aspect
ratio such that the mobility values obtained are an underestimate. The charge-carrier
density is calculated by applying the parallel plate capacitor model, taking the usual
conversion factor for 285 nm SiO; of 7.56-10° cm? V!, see Eq. 2.16 in Sec. 2.3. From
the slope in Fig. 5.3d we calculate a hole mobility of 3800 cm? V~'s~! and an electron
mobility of 4400 cm? V! s~!. These are typical values found for SLG on SiO,. We
have no indication that the wrinkles limit the mobility. This is not surprising given
that the mean free path is around ~ 20 nm and the wrinkle-to-wrinkle distance is
~ lpm. The mobility is thus limited by other sources.

Fig. 5.4a shows an AFM height profile of a typical wrinkle. The mean height along
the wrinkle is H = 3.3 £ 0.4 nm with a mean full width at half maximum (FWHM)
of W < 6.8+2.2 nm (due to the width of the AFM tip, the width measurement is an
upper bound). These dimensions are well in the regime of H2/Wa > 1 (a = 0.24 nm is
the graphene lattice constant), where the pseudo-magnetic field from the corrugations
is predicted to be large enough to induce a zero-energy Landau level [160].

5.4 Wrinkle orientation and density

In Fig. 5.4b we demonstrate that using the morphology of the substrate we are
able to control the orientation of the wrinkles to a certain degree. We have fabricated
1 pm spaced metal strips of 200 nm wide and 55 nm high. SLG is transferred onto
these periodic structures, and is partially suspended between the top edge of the step
edges and the substrate, as can be seen in Fig. 5.4b. It shows that there is room for
water to evacuate near the steps. Wrinkles form in the direction perpendicular to the
steps (Fig. 5.4¢), presumably so that water can be evacuated towards the steps, and
outwards from there. In this way we demonstrate the possibility to align nm sized
wrinkles in graphene. We propose that milling small trenches (< 50 nm width) in
a substrate would yield a similar result, if graphene can freely suspend over these
trenches. This could be used to study electronic transport across multiple aligned
wrinkles.

The density of wrinkles in graphene may also be controlled by using other poly-
mers for the transfer or by performing the transfer at different temperatures, see Sec.
5.6. We speculate that the wrinkle density and height depend not only on the poly-
mer viscoelastic properties, but also on the polymer film thickness and the polymer
concentration in the solution the substrate is dipped in to cover it with the polymer.

Finally, we show that wrinkle formation can be prevented altogether by transfer-
ring flakes onto hydrophobic substrates, as shown in Fig. 5.4d for a SLG flake. To
render the surface hydrophobic, it was functionalized with a fluoroalkane molecule
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Figure 5.3: (a) AFM image of a pristine SLG sheet as prepared by exfoliation. (b) An
AFM image of the SLG sheet after transfer, now containing many wrinkles. (¢) The Raman
spectra for the pristine and wrinkled graphene layer of (a,b). (taken on a Renishaw Raman
system 2000 with a 514 nm argon laser, 1um spot size, 1 mW power and spectral resolution
of ~ 3 cm™?). (d) Conductivity as a function of applied back-gate voltage, measured at room
temperature and at low pressure (~ 10~° mbar). Inset: AFM image of the device.
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(CF3(CF3)s(CH2)2SiCl3). This observation supports the hypothesis that water plays
a key role in wrinkle formation during wedging transfer.

5.5 Conclusion

In summary, we find that wet transfer of graphene onto commonly used hydrophilic
substrates induces wrinkles in graphene. Raman measurements show no detectable
defect-related D-peak in this wrinkled graphene, and transport measurements show
mobilities comparable to those found before transfer. It is possible to control to a cer-
tain extent the density and orientation of the wrinkles. This could be useful for study-
ing electronic transport across a controlled number of (aligned) wrinkles. It also opens
up the possibility to explore a number of other experiments. In the presence of a mag-
netic field, the angle between field and flake will vary on a nm length scale. In addition,
the curvature of the wrinkles are such strong that it exhibits local pseudo-magnetic
fields according to predictions [146, 160]. The curvature also increases chemical reac-
tivity which can be exploited to chemically bind atoms or molecules [64, 147, 161] in
one-dimensional patterns along the wrinkles.

5.6 Supplementary

The wrinkle height is dependent on the graphite thickness. Fig. 5.5a shows the
atomic force microscope (AFM) image of Fig. 5.6c where the height is calculated by
taking a trace across each wrinkle. This is also done for the wrinkles in Fig. 5.6d and
e. The mean height is plotted in Fig. 5.5b as function of the optical contrast.

The wrinkle density depends on the polymer used during transfer. Using polystyrene
(Fig. 5.6b) rather than cellulose acetate butyrate (CAB) (Fig. 5.6a), the wrinkle den-
sity is somewhat lower, as can be expected given that polystyrene is stiffer than CAB.
Also the temperature plays a role. Heating the water to 90 °C during the transfer
decreases the wrinkle density, as is seen by comparing Fig. 5.6¢c and 5.6(d). Here we
have used a 1:1 mixture of CAB and polystyrene in water.
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Figure 5.4: (a) The height profile of a typical wrinkle . The black dots are a subset of data
taken from the inset and plotted together on the same horizontal axis. The red curve is a fit,
which is the result of an average over 294 traces. Inset: AFM image of a single wrinkle. The
middle part is excluded in the fit. (b) The cross-section height profile across a bare metal
strip on the substrate (blue) and across a strip covered with graphene (red), as indicated
in the AFM image in the inset. (c¢) AFM image of SLG transferred onto a periodic step
structure. The wrinkles tend to align perpendicularly to the steps. (d) AFM image of SLG
transferred to a hydrophobic substrate.

47



Chapter 5. Formation and control of wrinkles in graphene by the wedging
transfer method

height (nm)
—_ —_ N
o w o

w

o

10 15 20 25 30
contrast (%)

Figure 5.5: (a) The atomic force microscope (AFM) image from Fig. 5.6c, where the
black lines indicate the traces taken to calculate the height of the wrinkle. (b) The mean
height of the wrinkle plotted as function of the graphite layer contrast (error bars indicate
=+ one standard deviation). The layer contrast is calculated by the grey tones relative to the
background in the optical image shown in the inset.
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Figure 5.6: (a) AFM image of a single layer graphene flake (within the dotted lines) trans-
ferred with cellulose acetate butyrate (CAB) as described in the main text. (b) An AFM
image of a single layer graphene transferred with polystyrene. (¢) An AFM image of a single

layer graphene transferred with a 1:1 mixture of polystyrene and CAB at room temperature
and (d) at 90 °C
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CHAPTER 6

DNA Translocation through Graphene
Nanopores

G. F. Schneider, S. W. Kowalczyk, V. E. Calado, G. Pandraud,
H. Zandbergen, L. M. K. Vandersypen and C. Dekker

Nanopores, nanosized holes that can transport ions and molecules, are very promis-
ing devices for genomic screening, in particular DNA sequencing. Solid-state nanopores
currently suffer from the drawback that the channel constituting the pore is long, ~ 100
times the distance between two bases in a DNA molecule (0.5 nm for single-stranded
DNA). This paper provides a proof of concept for ultrathin nanopores fabricated in
graphene monolayers, which is used for single-molecule DNA translocation. The pores
are obtained by placing a graphene flake over a micron sized hole in a silicon ni-
tride membrane and drilling a nanosize hole in graphene using an electron beam. As
individual DNA molecules translocate through the pore, characteristic temporary con-
ductance changes are observed in the ionic current through the nanopore, setting the
stage for future single-molecule genomic screening devices.

6.1 Introduction

In the past few years, nanopores have emerged as a new powerful tool to interrogate
single molecules [162-164]. They have been successfully used to rapidly characterize
biopolymers like DNA [165, 166], RNA [167], as well as DNA-ligand complexes [168]
and local protein structures along DNA [169] at the single-molecule level.

A key driving force for nanopore research in the past decade has been the prospect
of DNA sequencing. However, a major roadblock for approaching high-resolution DNA
sequencing with pores is the finite length of the channel constituting the pore. In a
typical solid-state nanopore in say a 30 nm thick membrane, the current blockade
resulting from DNA translocation is due to a large number of bases (~ 100) present
in the pore, Fig. 6.1a. Here, we demonstrate that this limitation can be overcome
by realizing an ultimately thin nanopore device in a graphene monolayer, Fig. 6.1b.

This chapter is based on the paper titled ‘DNA Translocation through Graphene Nanopores’
Nano Letters 10, 3163-3167 (2010)
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Furthermore, we show the translocation of individual DNA molecules through such
graphene nanopores.

Fabrication of nanopores in graphene layers was reported previously in the vacuum
of a transition electron microscope (TEM) [140, 170], but graphene nanopore devices
that ionically probe the translocation of single molecules were so far not realized.
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Figure 6.1: Graphene nanopores for DNA translocation (a) Side-view illustration comparing
DNA translocation through a SiN solid-state nanopore with that through a free-standing one-
atom thick graphene nanopore (b). (c¢) Optical microscope images depicting the transfer of
graphene from Si/SiOz (c) onto a microfabricated silicon nitride chip containing a 5 pm hole
(d). (e) After the transfer by wedging, the flake entirely covers the hole. (f) Raman spectrum
of the flake on Si/SiO2 before the transfer.

Graphene is a two-dimensional layer of carbon atoms packed into a honeycomb
lattice with a thickness of only one atomic layer (~ 0.3 nm) [1]. Despite its minimal
thickness, graphene is robust as a free-standing membrane [137, 171]. In addition,
graphene is a very good electrical conductor [172]. Graphene therefore opens up new
opportunities for nanopores such as new analytical platforms to detect, for example,
local protein structures on biopolymers or sequencing with single-base resolution. In-
deed, theoretical calculations of DNA translocation through a nanopore in graphene
have already indicated the possibility for single-base resolution by probing the translo-
cating molecule electrically in the transverse direction by use of the intrinsic conductive
properties of graphene [173].

We obtain graphene by the mechanical exfoliation method, see Sec. 3.2. The
advantage here of exfoliated graphene to CVD graphene is that it allows to select
sheets with a range of thicknesses (i.e., number of layers). An example of a mono-
layer graphene is shown in Fig. 6.1c, with its corresponding Raman spectrum in
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Fig. 6.1f. This flake is transferred onto a SiN support membrane with a 5 ym sized hole
(Fig. 6.1d) by use of the wedging transfer method (Ch. 4). The result is a suspended
graphene flake on a 5 ym hole, Fig. 6.1e.

6.2 Graphene nanopore

We drill a nanopore in the suspended graphene monolayer using a highly fo-
cused electron beam of a transmission electron microscope (TEM). The acceleration
voltage is 300 kV, well above the 80-140 kV knockout voltage for carbon atoms in
graphene [174] (see Sec. 6.6). Drilling the holes by TEM is a robust well-reproducible
procedure (we drilled 39 holes with diameters ranging from 2 to 40 nm, in monolayer
as well as in multilayer graphene; some examples of pores are shown in Fig. 6.2).

Figure 6.2: Drilling of graphene nanopores. (a) Transmission electron microscopy (TEM)
of some nanopores drilled into multilayer graphene (b) TEM image (top) and diffraction
patterns (bottom) across a 25 nm diameter pore in a monolayer of graphene. Numbers of
the diffraction images indicate the spots where the patterns were recorded. (c) Diffraction
patterns measured across the monolayer nanopore of panel (b). The diffraction pattern was
measured at three spots indicated in panel (b) with a 3 nm electron beam. The hexagonal
lattice of diffraction spots is highlighted by the solid lines for clarity.

Because of the high acceleration voltage of the electron beam, drilling could po-
tentially induce damage to the graphene around the pore. However, electron beam
diffraction measurements across the hole (Fig. 6.2b and 6.2¢) confirm the crystallinity
of the monolayer surrounding the hole, as evidenced by the well-defined hexagonal
diffraction patterns (Fig. 6.2c).

6.3 Measurement setup

We mount the pore into a microfluidic flow cell, add a 1 M saline solution' on
both sides of the graphene membrane, and measure current-voltage (I-V) curves from
ion transport through the graphene nanopore (inset of Fig. 6.3). The resistance value
(5.1 MQ in the example of the inset of Fig. 6.3) and the linearity of the I-V curve
indicate that the current is consistent with ion flow through the pore and does not
arise from electrochemical processes at the conductive graphene surface [175]. Fur-
thermore, samples with a graphene layer but without a nanopore exhibit a very high

11 M KCl, room temperature (TE), pH 8.0
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ionic resistance (> 10 GR2), which indicates that the graphene flake adheres well to
the SiN surface and forms an insulating seal.
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Figure 6.3: Nanopore resistances. Measured values of pore resistance versus diameter for
a number of graphene nanopores (n=13). For each pore, the number of graphene layers is
indicated by the number within the circle: 1 denotes graphene monolayers (gray); x denotes
x layers of graphene (black). The solid line denotes a 1/d®> dependence. The inset shows

an I-V curve of a 22 nm nanopore in a graphene monolayer recorded in 1M KCl. A linear
resistance of 5.1 M2 is observed.

We measured I-V curves for a number of pores ranging from 5 to 25 nm in di-
ameter, in six monolayer graphene devices and seven multilayer graphene devices.
Sample thickness is determined based on transmitted light intensity (2.3% reduction
per layer) [6]. Fig. 6.3 shows the obtained resistances versus pore diameter, for both
monolayers and multilayers up to eight layers (with a total layer thickness between
0.3 and 2.7 nm). We do not observe a strong dependence on the number of layers
constituting the nanopore membrane. The thickness L can be determined by fitting
the pore resistance R scales with the pore diameter d, by the following equation [176]:

1 4L
R = Po (d + W) (61)

From this equation we found? that L = 14 nm. This is much thicker than the graphene,
which can be attributed to the pre-coating of the pore with a self assembled monolayer
to reduce DNA sticking3.

6.4 DNA translocations

Double-stranded DNA (dsDNA) can be driven electrophoretically through the
nanopore and detected by monitoring the ion current. Upon addition of the A-dsDNA
(16 pm long) on one side of the pore and applying a voltage of 200 mV across the
graphene membrane, a series of spikes is observed in the conductance traces (Fig. 6.4a).

2We have used the fitting parameters from the supporting information of Ref. [177]
3See Ref. [178] for a discussion about this.
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Each temporary drop in the measured conductance, AG, arises from a single DNA
molecule that translocates through the pore. As for conventional SiN nanopores [179],
three characteristic signals are observed, corresponding to three types of transloca-
tion events: nonfolded*, partially folded®, or fully folded molecules® [166]. Example
events are shown in Fig. 6.4b. The events are color coded in black (nonfolded), red
(partially folded), and blue (fully folded). From a large number (n = 1222) of such
events, we obtain a histogram of conductance blockade levels AG, as presented in
Fig. 6.4c. Three peaks are visible, the first being the open-pore current at 0 nS (i.e.,
the baseline); the peak at ~1.5 nS which corresponds to one strand of DNA in the
pore; and the peak at ~3 nS due to two strands of the same DNA molecule in the
pore. We measured DNA translocations on seven graphene nanopores’ and collected

good statistics on three devices®.
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Figure 6.4: DNA translocation through a graphene monolayer. (a) Translocation of 48
kbp double-stranded A-DNA across a 22 nm nanopore within a graphene monolayer, showing
the baseline conductance (left) and blockade events upon addition of DNA (right). (b)
Examples of translocation events of nonfolded (black), partially folded (red) and fully folded
(blue) DNA molecules recorded at 200 mV. (c) Conductance histogram of 1222 translocation
events, including 1 ms of open-pore conductance before and after the event. Note that counts
in this histogram correspond to a single current measurement, not to a single event.

A scatter plot of AG versus the time duration of the events is shown in Fig. 6.5,
with the same color coding as used in Fig. 6.4b. Each dot in this diagram represents
a single DNA translocation event. The blockade amplitude AG = 1.5 + 0.4 nS for
nonfolded DNA in these graphene pores is quite similar in magnitude to that measured
for pores of similar sizes in a 20 nm thick SiN membrane (1.4 & 0.3 nS) for the same
conditions.This is unexpected as we would expect the ionic current blocked by a DNA
molecule to scale as the inverse of the thickness of the nanopore membrane [174].
leading to higher blockade amplitudes for DNA in graphene pores.

In addition to the event amplitude, we studied the translocation times of the events.

4Nonfolded is when the molecule translocates in a linear head-to-tail fashion.

5Partially folded is when the molecule is randomly grabbed from the side of the DNA coil, and
first translocates in a singly folded fashion.

6Fully folded molecules is when the DNA happens to be grabbed in the middle of the molecule.

"Monolayer and multilayer graphene membranes with pore diameters ranging from 10 to 25 nm.

8Two monolayers and an eight-layer multilayer with pore diameters of 22, 25, and 24 nm, respec-
tively.
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Figure 6.5: Event analysis. Scatter diagram of the amplitude of the conductance blockade
versus translocation time with the accompanying histograms for the nonfolded and fully
folded data at the top and the right. Color coding as in Fig. 6.4b. Each point in this
scatter diagram corresponds to a single translocation event. For the labelling of events, each
conductance data point within a translocation event (defined as an excursion of more than 6
times the standard deviation of the open-pore rms noise) is attributed to one of the peaks in
the conductance histogram shown in Fig. 6.4c. The minimum required subsequent duration
at one level is set to 100 us, given by the rise-time resulting from the 10 kHz low-pass filtering.

The average translocation time is 2.7 4+ 0.8 ms for the nonfolded DNA (Fig. 6.5), a
value that is similar, albeit slightly larger, to that for solid-state nanopores in a 20 nm
SiN membrane for which the translocation time is 1.2+0.3 ms under the same applied
voltage of 200 mV and for a similar pore diameter.A slightly larger translocation time
compared to SiN pores was also observed for our other monolayer device for which
we also got good statistics. We note that the translocation time is expected to be
independent of the membrane thickness because the driving electrostatic force is the
same: in a thinner membrane, the electric field over the graphene pore is higher (same
voltage applied over a shorter distance) which however is exactly compensated by the
smaller number of charges present on the piece of the DNA molecule that resides in the
pore [180]. This is only a crude scaling argument however, and there can be various
reasons why the translocation time is somewhat different for ultrathin nanopores. At
a practical level, a slower translocation will be helpful for analytical applications where
maximizing spatial resolution is needed.

6.5 Conclusion

The establishment of double-stranded DNA translocation through single-layer graphene
nanopores represents an important first step toward pushing the spatial-resolution lim-
its of single-molecule nanopore analytics to subnanometer accuracy. Future research
will be aimed at exploring single-strand DNA translocation, single-base detection, and
ultimately sequencing.
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6.6. Methods

6.6 Methods

6.6.1 Graphene sample fabrication

Graphene flakes were prepared by the mechanical exfoliation method on 90 nm
Si/Si0g, see Sec 3.2. The Si/SiO2 wafers were plasma-oxidized (Oz, Diener) just
before graphene preparation.

Graphene flakes were transferred onto microfabricated Si/SiO2/SiN chips described
before using the wegding transfer method, Chapter 4.

Contrary to the design described by Ref. [181], prior the transfer of graphene, we
etched the 20 nm thin SiN membrane using hot phosphoric acid (200 °C) for 45 min.

6.6.2 Fabrication of Nanopores in Graphene

Nanopores were fabricated and imaged using a Cs-corrected Titan Cubed Super-
twin/STEM FP5600/40 microscope operated at an accelerating voltage of 300 kV. An
electron beam with a diameter of 15 nm at full width at half-maximum height and
a beam density of 106 electrons/(snm2) was used for drilling. Gatan 2k x 2k CCD
with binning 1 was used for image recording. Diffraction patterns were acquired with
a beam size of 3 nm and a beam density of 105 electrons/(s nm?). To remove con-
tamination, samples were heated at 200 °C for at least 20 min prior to their insertion
in the vacuum chamber of the microscope. After being drilled, samples were stored in
ethanol.

6.6.3 Nanopore Experiments

For the electrical measurements, a membrane with a single graphene nanopore
is mounted in a polyether ether ketone (PEEK) microfluidic flow cell and sealed to
liquid compartments on either side of the sample. Measurements are performed in 1
M KCI salt solution containing 10mM Tris-HCI and 1mM EDTA at pH 8.0 at room
temperature (or TE, as abbreviated in the manuscript). Ag/AgCl electrodes are used
to detect ionic currents and to apply electric fields. Current traces are measured at 100
kHz bandwidth using a resistive feedback amplifier? and digitized at 500 kHz. Before
dsDNA was injected, the graphene-SiN microchip was flushed with a 1 mg/mL solution
of 16- mercaptohexadecanoic acid in 8:2 toluene/ethanol and additionally rinsed in
respectively clean 8:2 toluene/ethanol and ethanol. This is expected to form a flat
self-assembled monolayer on the graphene surface which demotes DNA adhesion [182].
dsDNA was unmethylated A-DNA'Y. The event-fitting algorithm used to analyze and
label the translocation events was the same as the one described before [166]. Only
events exceeding six times the standard deviation of the open-pore root-mean-square
noise are considered. Due to possible baseline fluctuations, we only considered events
whose current before and after the event does not change more than 10% of the event
amplitude. We additionally filtered the data at 10 kHz for better signal-to-noise ratio,
and we discarded events shorter than 200 ys.

9 Axopatch 200B, Axon Instruments
1020 ng/ pL, reference no. D152A, lot no. 27420803, Promega, Madison, WI.
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CHAPTER 7

Zero-bias conductance peak and Josephson
effect in graphene-NbTiN junctions

M. Popinciuc*, V. E. Calado*, X. L. Liu, A. R. Akhmerov,
T. M. Klapwijk and L. M. K. Vandersypen

We report electronic transport measurements of graphene contacted by NbTiN
electrodes, which at low temperature remain superconducting up to at least 11 Tesla.
In devices with a single superconducting contact, we find a more than twofold enhance-
ment of the conductance at zero bias, which we interpret in terms of reflectionless
tunneling. In devices with two superconducting contacts, we observe the Josephson
effect, bipolar supercurrents and Fraunhofer patterns.

7.1 Introduction

There has been a lot of interest in studying quantum transport in graphene (G)
contacted by superconductors (S). So far, most experiments have focused on electrical
transport in SGS Josephson junctions. Tunable Josephson supercurrents [96], multiple
Andreev reflections [183-185], Andreev bounds states [186], phase diffusion phenom-
ena [187], macroscopic quantum tunnelling [188], and superconducting phase transi-
tions [189, 190] have been observed in devices employing Al [96, 183, 185, 191-196],
W [184], Ta [197], Pb [186, 187, 198], Pbln [188], Sn [189, 190] as superconductors.

An interesting and experimentally yet unexplored direction is to demonstrate spec-
ular Andreev reflection [99] by realizing a superconducting gap larger than the po-
tential fluctuations in the graphene. Another interesting possibility is to study the
interplay between superconductivity and the quantum Hall effect [199-203] which re-
quires contacting high-mobility graphene with a superconductor with a large critical
magnetic field. While we were finalizing the manuscript, measurements on graphene
with Nb and ReW contacts at high magnetic field were posted, see Ref. [204].

In this study we report electronic transport through NbTiN based SGN and SGS
junctions, where N is a normal, non-superconducting metal electrode. NbTiN has a

This chapter is based on the paper titled Zero-bias conductance peak and Josephson effect in
graphene-NbTiN junctions’ Physical Review B 85, 205404 (2012)
* Contributed equally to this work
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large gap, a high critical temperature (T¢) and a high upper critical perpendicular
magnetic field (BéQ). We present electrical measurements in a field-effect geometry as
a function of source-drain bias, temperature (50 mK-5 K) and external magnetic field
(0-11 T) applied perpendicular to the sample. In SGN devices at sub-Kelvin temper-
atures and up to moderate magnetic fields, we observe a zero-bias conductance peak.
We analyze this peak in terms of reflectionless tunneling [205-207]. In SGS devices, we
observe gate-tunable supercurrents and discuss their magnetic field response, which
exhibits characteristic Fraunhofer patterns.

7.2 Sample fabrication

Graphene samples were prepared as described in Sec. 3.2 The electrodes were
defined by standard electron beam lithography. The normal contacts consist of a
8 nm Ti adhesion layer with a 50 nm AuPd alloy on top. The ~ 30 nm thick NbTiN
superconducting contacts were made by DC sputtering of a NbTi target (30% Ti,
70% Nb atomic percentage) in a Ar/Ns plasma in a Nordiko-2000 system using an
unbalanced parallel plate configuration [208]. The Ar and N2 flows were 100 sccm and
4 sccem and the deposition pressure was about 6 mTorr. The deposition conditions
were optimized for producing high quality NbTiN films with low stress [209, 210] and
a Te of about 13 K corresponding to a BCS superconducting gap of 2 meV. The
electrical measurements indicate an upper critical perpendicular magnetic field Béz
in excess of 11 T at 50 mK!.

We investigated three ways of contacting graphene with NbTiN: (1) direct sputter-
ing of NbTiN on the graphene, (2) sputtering of NbTiN on a Ti protective layer and
(3) sputtering of NbTiN on a Ti/Au protective layer. Direct sputtering of NbTiN on
graphene leads to very high contact resistances of hundreds of k{2 and measurements of
these devices are not discussed further. This is attributed to damage to the graphene
layer underneath the S electrode due to its exposure to the sputtering plasma and/or
the highly energetic particles involved in the sputtering process®. In order to prevent
this problem we fabricated devices in which we protected the graphene by two different
approaches. For the type A (Fig. 7.1a) devices, we first covered graphene with a thin
layer of Ti (10 nm)3. Next, in 3 to 5 minutes the sample was transferred through air
into the sputtering system, which unavoidably leads to oxidation of the Ti. Prior to
the sputter deposition of NbTiN, the oxidized Ti was cleaned by an Ar RF plasma of
200 W for 5 min in a pressure of 6 mTorr. This cleaning procedure leaves about 7 nm
Ti. For the type B devices (Fig. 7.5a) we e-beam evaporated Ti(2 nm)/Au(2.5 nm)
as a protective layer. Since no oxide is expected to form during the sample transfer,
no RF plasma cleaning was done before depositing NbTiN.

IThe exact value is not known.

2DC voltages are of the order of 380 V.

3Ti was evaporated in an Eva 450 e-beam evaporator, which involves particles with energies of
the order of only 1 eV.
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7.3. Measurements

7.3 Measurements

The elctrical measurements are done a described in Sec. 3.8. All measurements
were done in a two-terminal configuration and the data presented here were corrected
for the RC filter series resistance of 2.5 k2 per filter.
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Figure 7.1: Type A SGN device with 7 nm Ti. (a) Schematic showing dimensions and
electrodes configuration. (b) False color SEM image (the white scale bar represents 500 nm).

(c) Differential resistance versus gate voltage at Ipc = 10 pA and Iac = 100 nA in two gate
sweep directions.

0
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7.3.1 SGN junction: type A

In Fig. 7.1a and 7.1(b) we show a schematic and a false-color scanning electron
microscope image (SEM) of a type A device. The graphene flake is 2.6 pm wide. The
S and N electrodes completely overlap the flake and are separated by about 250 nm
(edge to edge). In Fig. 7.2a we present two-terminal differential resistance (dV/dI)
measurement at 50 mK as a function of the back-gate voltage (Vyqze) for the as-
fabricated SGN junction. The measurement was done with an AC current of 100 nA
superimposed on a DC current of 10 pA. The differential resistance is rather high
over the entire gate voltage range: given the device dimensions, the doping level and
an estimated carrier mobility of ~ 2000 cm?V~!s~! observed in a nearby device on
the same flake, the graphene differential resistance should be well below 1 k2. Other
devices made in the same batch show similar or even higher differential resistances,
but type A devices with a thicker Ti protective layer (about 20 nm) and type B devices
(without RF plasma cleaning) do not. Three-terminal measurements of the S and N
contact resistances (to the graphene covered by the contacts) show values of 400 Q
and 700 €2, respectively. Therefore, we conclude that most of the resistance is due the
transition region from the covered graphene to the uncovered graphene (denoted as
G’). We believe that stress in the NbTiN films and/or RF plasma cleaning may cause
damage to the graphene area around the S contacts.
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In Fig.7.2(a) we show the differential conductance (dI/dV') for Vyqee = 0 V as a
function of voltage bias at 60 mK (for two perpendicular magnetic field values of 0 T
and 11 T) and at 4 K for 0 T. We see that the differential conductance (dI/dV') is non-
constant over the entire bias-voltage range of £20 mV. Since the NbTiN gap is only
~ 2 mV, the non-constant differential conductance above 2 mV cannot be attributed
to the superconducting contacts. Indeed, when normalized to a high bias value of
10 — 20 mV, the three differential conductance (dI/dV’) traces in Fig.7.2(a) fall on
top of each other except for a bias range of less than 2 mV. The observed behavior
is also incompatible with known mechanisms that lead to a bias-dependent graphene
resistance [211-213]. Possibly it is caused by the damaged graphene near the contacts.

Fig. 7.2b shows differential conductance traces at low bias for several gate voltages.
We observe a zero bias conductance peak for energies Eo smaller than 0.1 meV and
a conductance dip at energies Ep of around 0.2 meV. Both features are present at
all gate voltages. The zero bias conductance is enhanced by more than a factor of
two compared with its value at ~ 1 mV for almost all the gate voltages investigated,
see Fig 7.2(c). Ignoring possible magnetic moments [214, 215], to the best of our
knowledge only reflectionless tunneling can explain an enhancement a factor of more
than two. Hereby the transmission of a tunnel barrier between a superconductor and a
normal metal is enhanced due to the diffusive transport in the normal metal [205-207].

Following the semiclassical approach of Ref. [205] we sketch the principle behind
reflectionless tunneling in Fig. 7.3. The quasi-particles move from the right normal
metal reservoir towards the S electrode through the diffusive graphene. A potential
barrier exists at the graphene/S interface, which in our case is assumed to be due to
the damaged graphene around the S electrode. An electron (e; in Fig. 7.3) that hits
the barrier can be either Andreev reflected as a hole (h;) or normal reflected as an
electron, continuing along path 2. Due to scattering on impurities the electron moving
on path 2 has a chance to hit the barrier once again where it can retroreflect as a hole
(hs). Retracing path 2, this second hole reaches the initial point where it can undergo
normal reflection. Constructive interference between the first and the second hole
increases the total Andreev reflection probability of the incoming electron e;. In a
diffusive sample there are a multitude of such paths and their respective contributions
add up leading to an enhancement of the conductance. At finite bias, the phase of hs
averages out and the conductance enhancement disappears.

The order of magnitude of the cutoff energy FE¢ for which coherence is lost is
determined by the phase coherence time 7, according to E¢ ~ h/7,. Taking Ec ~
0.065 meV from the differential conductance at Vyq¢e = 0 V, we estimate 74 ~ 10 ps
which is comparable with the values obtained in Ref. [83]. The phase breaking length
is given by Ly = \/D7y. Here, D is the diffusion constant given by D = vplyf,/2,
where I, ¢, is the mean free path and vp ~ 10 m s™! the Fermi velocity. Taking
T¢ = 10 ps and a mean free path of ~ 17 nm (corresponding to a carrier mobility of
1000 cm?/Vs at 30 V from the Dirac point) gives L, & 280 nm, which is comparable
to the sample length L = 250 nm.

Now we turn our attention to the magnetic field and the temperature dependence.
In Fig. 7.4a we show the differential conductance as a function of bias voltage for
various magnetic fields applied perpendicular to the sample surface. A finite magnetic
field breaks the time reversal symmetry and introduces a phase difference between
the interfering holes. Coherence is lost when the loop formed by path 2 and the
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Figure 7.2: Measurements of the SGN device shown in Fig. 1. (a) Differential conductance
as a function of voltage bias for Vyete =0V at 4 K (B =0 T) and 50 mK (for B=0 T and
B =11 T). (b) Differential conductance vs. bias voltage at various gate voltages indicated
by labels (T'= 50 mK, B =0 T). The curves are offset in 40 uS steps; the top curve has no
offset. (c) Zero-bias conductance (Gg) normalized to the value at 1 mV vs. gate voltage. The
zero bias conductance is enhanced by a factor larger than two at almost all gate voltages.

superconductor encloses one flux quantum ®5 = h/e. Taking B = 4 T as the field
where reflectionless tunneling is suppressed (see Fig. 7.4), we estimate an effective area
of 1 x 10 nm?. At high magnetic fields one expects Landau levels to develop as the
graphene enters the quantum Hall regime. However since we did not see clear signs of
quantum Hall plateaus, it is likely that the disorder in the sample was too high.

In Fig. 7.4b we plotted the temperature dependence of the differential conductance
at Vgate = 0 V and B = 0 T. The measurements were taken after a mild current
annealing step [10] performed at base temperature. For about 10 minutes, we slowly
ramped up a DC current applied between the S and N contacts, up to a current density
of 4.5 A em™!. While this lead to a ~ 50% increase in the overall conductance, the
zero-bias conductance peak and the broader conductance dip remained at about the
same energies. This behavior is similar to what was reported in Ref. [197]. From
Fig. 7.4b we observe that the zero-bias peak drops at about 1 K. This thermal energy
scale is consistent with E. extracted from the width of the peak.
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Figure 7.3: Illustration of reflectionless tunneling. Quasi-particles move from the right
reservoir towards the superconductor through diffusive graphene. A potential barrier exists
between graphene and the superconductor. The Andreev reflection probability at an other-
wise poorly transparent interface is enhanced due to interference effects (see text for details).

7.3.2 SGS junction: type B

Now, we briefly discuss measurements of SGS junctions. In a type A SGS device
with similar dimensions as the SGN device discussed earlier and made in the same
batch, no supercurrent flowing through graphene (Josephson effect) was observed. We
understand this in terms of the poor transparency of the G-G’ interfaces which hinder
the diffusion of the Cooper pairs into uncovered graphene. In another batch, with a
thicker Ti layer (about 20 nm after the RF plasma cleaning), we did observe bipolar
supercurrents and Fraunhofer patterns in several graphene junctions for electrode
spacings of up to 400 nm [216]. This is indicative of less damage to the G-G’ transition
region. These data are not discussed further. In Fig. 7.5 we show measurements of a
type B device. Given the Ti(2 nm)/Au(2.5 nm) protective layer, no oxide is expected
to form during the sample transfer through air and the RF plasma cleaning step before
deposition of NbTiN was not necessary. Fig. 7.5a and Fig. 7.5b show the schematic
and a false color SEM image of the device. The graphene flake is 1.5 ym wide and the
electrode separation is 150 nm (edge to edge). In Fig. 7.5¢ we show the differential
resistance as a function of current bias at Vyqee = 0 V and B = 0 T. A critical
current I of 4 nA is observed. We note that I is relatively small given the junction
dimensions and the carrier density. Also, we did not observe supercurrents in type B
junctions with 280 nm or larger electrode separations, possibly due to the weakening
of the proximity effect in the Ti/Au bilayer. The sharp peaks in the differential
resistance we interpret as self-induced Shapiro steps since the energies involved closely
match those of standing waves formed in the metal box enclosing the sample, which has
a size of 6.0 cm. [217, 218] In Fig. 7.5d we show the differential resistance as a function
of the gate voltage and current bias as a 2D color plot. The dark region corresponds
to a supercurrent through graphene. The magnitude of the critical current depends on
the charge carrier density and decreases when going from metallic conduction towards
the charge neutrality point (at ~ 22 V), in agreement with previous reports [96]. In
Fig. 7.5e we show the differential resistance as a function a perpendicular magnetic
field and bias current at zero gate voltage. The critical current is modulated by the
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Figure 7.4: Measurements of the SGN device shown in Fig. 1. (a) Differential conductance
vs. bias voltage at Vyqre = 0 V for different magnetic fields. (b) Temperature dependence of
the differential conductance at Vyqate =0V and B = 0 T. For clarity, the data in both panels

is offset vertically by incrementally subtracting a value of 20 uS in (a) and 40 uS in (b). The
top most curves have no offset.

magnetic field revealing the well-known Fraunhofer pattern. The area extracted from
the periodicity of the Fraunhofer pattern amounts to 0.16 um? in close agreement
with the geometrical area of 0.2 ym? deduced from the SEM image. The width of the

first lobe is smaller than twice the period of the higher order lobes which indicates
non-uniform current flow.

7.4 Conclusion

In this paper we reported electrical transport measurements of SGN and SGS
junctions with NbTiN superconducting electrodes. In SGN devices with a barrier
region near the S contacts, we observe a zero-bias conductance peak, which we think
may arise from reflectionless tunneling. While we are unable to identify its origin
unambiguously, this peak has a striking resemblance to the recently measured zero-
bias anomaly in a candidate topological superconductor Cu,BisSes [219]. In junctions
with transparent interfaces, supercurrents were observed for electrode separations of
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Figure 7.5: Type B SGS device with Ti/Au/NbTiN electrodes made without RF cleaning
prior to depositing NbTiN. (a) Schematic of the device structure with the relevant dimensions.
(b) False color SEM image (scale bar 200 nm). (c) Differential resistance at Vgare = 0V,
B = 0 T. (d) Color plot of the differential resistance vs. current bias and gate voltage at
B =0 T. (e) Color plot of the differential conductance vs. magnetic field and current bias
at ‘/gate =0V.

up to 400 nm. By improving the fabrication procedure we believe that high carrier
mobility graphene samples and clean graphene-NbTiN interfaces can be obtained for
experimentally investigating specular Andreev reflection and the interplay between
Andreev reflection and the quantum Hall effect.
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CHAPTER 8

Mechanical cleaning of graphene

A. M. Goossens, V. E. Calado, A.M. Barreiro, K. Watanabe,
T. Taniguchi and L. M. K. Vandersypen

Contamination of graphene due to residues from nanofabrication often introduces
background doping and reduces electron mobility. For samples of high electronic
quality, post-lithography cleaning treatments are therefore needed. We report that
mechanical cleaning based on contact mode atomic force microscopy removes residues
and significantly improves the electronic properties. A mechanically cleaned dual-
gated bilayer graphene transistor with hexagonal boron nitride dielectrics exhibited a
mobility of ~ 36,000 cm? V~! s~! at low temperature.

8.1 Introduction

High electronic quality is demanded for many graphene experiments [172, 220],
but is not easily realized. Graphene samples for electronic measurements are typically
made with lithographic methods. Lithography makes a myriad of devices possible, but
always leaves resist residues behind. Making contacts to graphene with shadow mask
evaporation solves this contamination issue, but this method has many drawbacks
concerning the flexibility of the fabrication process. Hence cleaning after lithography
is a crucial step towards obtaining high electronic quality samples. There are dif-
ferent methods at hand: chemical cleaning [108], thermal cleaning (annealing in an
oven) [157, 221] and current-induced cleaning [10, 30]. Each of these can be very useful
but has its own limitations.

In this chapter we present an alternative cleaning method: mechanical cleaning.
Scanning a contact mode atomic force microscope (CM AFM) tip over a graphene
surface removes residues, removes doping and improves the electronic mobility without
damaging the graphene.

This chapter is based on the paper titled '"Mechanical cleaning of graphene’ Applied Physics
Letters 100, 073110 (2012).
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Figure 8.1: (a) Tapping mode image of sample A after annealing at 440 °C and contact
mode scanning (both with a Veeco Nanoscope I1la AFM). Ounly the part within the marked
window was scanned with the CM AFM. We chose to show this device because it was much
more contaminated than other devices before scanning, so that the effect of the CM AFM
scan is easily visible. Wrinkles and some tears on the upper right side of the graphene are
induced by the tip but were not observed in other devices. On the left and right of the
bounding box, walls of deposited residue are visible. The contacts of the device are not
visible in this image. (b) Backgate traces of sample B at room temperature in vacuum
(Ivias = 100 nA). The black curve is before CM AFM imaging and the green curve after.
Using the geometric capacitance, we convert the backgate axis into carrier density. Then we
extract the field effect mobility by fitting a straight line to the steepest part of the backgate

. _ tsioy thpN \do _ _
trace: p = (eoer,Sio2 + eoer,hBN)W’ where € 5i0, = 3.9 and €.,y = 3.0, as calculated

from Fig. 8.2a. We extracted the thickness t,pny from TM AFM images of the devices.

8.2 Heat cleaning ineffective

We demonstrate the effectiveness of this method for 4 bilayer graphene on hexago-
nal boron nitride (hBN) samples. hBN flakes are deposited by mechanical exfoliation
on silicon wafers coated with a silicon oxide (SiOz) layer of thickness tg;0, = 285
nm. On top of the hBN we transfer a bilayer graphene flake using a dry transfer
method! following the protocol of Ref. [32]. Samples are subsequently annealed in an
oven at 400 °C in forming gas? to remove residues induced by the transfer process.
Cr/Au electrodes are fabricated using electron-beam lithography. We annealed the
samples again to remove fabrication residues. While trying to clean the graphene, we
repeatedly performed annealing steps with increasing temperatures from 300 °C to a
maximum of 440 °C.

After the final annealing step, the samples were often still contaminated. The
tapping mode AFM (TM AFM) image of sample A (Fig. 8.1(a)) shows lots of
deposited material outside the marked window. The RMS roughness in this area is
~ 1 nm. Before lithography all samples were almost atomically flat with a RMS

IThe tranfer is done at a temperature of 100 °C to remove any water absorbed on the surface of
the graphene and hBN flakes.
2Ar 2400 sccm, Ha 700 sccm.
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roughness of at most 0.2 nm (limited by the resolution of the AFM).

We characterize the electronic quality of the samples via the residual doping and
field effect mobility. Fig. 8.1b (black trace) shows the resistance of sample B as a
function of the backgate voltage at room temperature (RT) in vacuum. From this
and similar traces for the other devices, we extracted the charge neutrality point
(Vap) and mobility (1). Depending on the device geometry, we performed 2, 3 or 4
terminal measurements®. The results for all samples are summarized in table 8.1. The
electronic measurements indicate that most of the devices were highly doped and had
a relatively low mobility. Most likely residues on top of the graphene as seen in the
AFM images induce doping and provide scattering centers that degrade the electronic
quality [222].

8.3 Mechnical cleaning with contact mode AFM

To remove the residues we scanned the samples in contact mode AFM with a
constant force (Veeco OTRS8-35 tip with a stiffness of 0.15 N/m). Hereby the tip is
held in contact with the sample surface. We engaged the tip with the lowest force
possible. When the tip made contact, we confirmed a reasonable set-point force with
the help of a force distance measurement, discussed further below. Then we started
scanning the sample with a rate of 0.5 — 1 Hz. For most samples we scanned the same
area several times, but without further visible effect.

Tapping mode images taken after scanning in CM AFM show that we cleaned
the graphene (Fig. 8.1a inside marked window). The roughness is at most 0.2 nm,
similar to the values measured before processing the devices. Further evidence that
we removed residues from the graphene are the banks of deposits that are visible in
Fig. 8.1a, exactly at the boundaries of the area that was scanned in contact mode.

After CM and TM AFM imaging we again recorded backgate traces at room tem-
perature in vacuum (green curve in Fig. 8.1b). Not only the mobility increased twofold,

3In the two and three terminal measurements, contact resistances make the mobility appear lower.
To calculate the conductivity from the measured conductance we need the aspect ratio of the devices.
As some devices were not rectangular, the aspect ratio was hard to determine and we used an
underestimated value in our calculations. Those two factors make the measured mobility a lower
bound of the actual mobility.

Table 8.1: Results summary for four different samples (measurements in vacuum).

Sample A A B C D
Measurment 2p RT  4p 50mK 3p RT 3p RT 4p RT
Tanneal (°C) 440 K 360 360 360
Npass ) 6 » 1 2 5
Frcan (nN) 2.3 729 46 -22
Vap before (V) 4 n.a. >20 >20 17
Vap after (V) -7 -3 0 1 -1
u before (em? V—1s71) 3400 n.a. 1700 260 2700
1 after (em? V=1 s71) | 8900 36000 2800 920 6700
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but also doping was reduced. For other samples we observed similar behavior (see ta-
ble 8.1).

8.3.1 Double gated device

An attractive feature of mechanical cleaning is that it can be naturally followed
by further sample processing. We fabricated sample A into a double gated bilayer
device [63, 223]. With the same dry transfer method as mentioned before we stamped
an hBN flake on sample A that will act as a topgate dielectric. We defined a topgate
electrode across the flake and two voltage probes by e-beam lithography (lower left
inset Fig. 8.2a). Resistance as function of the topgate and backgate voltages is plotted
in Fig. 8.2a. The resistance peaks that run horizontally are caused by the regions next
to the topgated region. The diagonal ridge shows the typical increase of resistance
due to opening of the gap with increasing perpendicular electric field [63]. From the
upper right inset we extract a (hole) mobility u of ~ 36,000 cm? V=1 s=1 at carrier
density n~ 5 x 10'° em~2 (corrected for the change in slope due to the neutrality
point around 17 V). This value is among the highest found in the literature for bilayer
graphene devices, including suspended devices [32, 224, 225].

8.3.2 Discussion

We now turn to the mechanism by which CM AFM removes residues from the
sample surface. Presumably the tip is plowing through a layer of physisorbed contam-
inants and thereby ’brooms’ the graphene clean, which means the interaction of the
tip with the surface is larger than the interaction of the contaminants with the surface.
We believe that removing residues is the main explanation for the improvement of the
electronic quality of the graphene. In principle the CM AFM might also flatten the
graphene, reducing ripples and thereby enhancing mobility. However, we observe no
difference in the flatness of graphene before fabrication (presumably equal to the state
after lithography) and after mechanical cleaning. Flattening of the graphene should
thus play little or no role. The hBN substrate does appear to play a role in improving
electronic quality. Jalilian et al. [226] deployed the mechanical cleaning on single layer
graphene samples on a SiO substrate. They also observed an improvement in surface
morphology, but electronic quality did not improve. We observed the same behavior
in a single layer graphene on SiO5 sample.

To gain more insight in the interplay of the surface and the CM AFM tip we took
force-distance curves (Fig. 8.2b) in the area we scanned in contact mode. From these
curves we can extract the force we were exerting on the sample during scanning, which
ranged from —22 nN to +2.3 nN depending on the device. A positive force means
the tip was pushing and a negative force that the tip was pulling on the surface. In
pulling configuration the tip is held in contact by the Van der Waal’s interaction and
adhesive forces due to water. The broad range of scanning forces that gave good
results illustrates the robustness of the mechanical cleaning method.
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Figure 8.2: (a) Measurements on a double gated bilayer graphene transistor fabricated out
of sample A. The 4-probe resistance at T = 50 mK is plotted as a function of backgate and
topgate voltage (Vi and Vi4 respectively). From the slope of the diagonal line we calculated
the relative dielectric constant of the hBN to be 3.0 assuming a parallel plate capacitor model
and € si0, = 3.9. The thickness of the bottom hBN flake was 14 nm and the top hBN flake
50 nm, values extracted from AFM images. Lowerleft inset: schematic of the device. Blue
colored regions are hBN, green is bilayer graphene and yellow are the contacts and gate.
Upperright inset: resistance as a function of Vg at Viy = —0.5V. The dip at Vpg ~ 17V is
caused by the uncovered graphene part. (b) Force-distance curve of sample D, measured by
holding the tip of the AFM in a fixed lateral position and approaching and retracting the tip
in the vertical direction. While making these vertical movements, the deflection of the tip is
recorded. Assuming that when the tip is in contact with the surface the tip deflects the same
distance as the piezo moves, we can calibrate the deflection scale. With the spring constant
of the tip we convert that deflection to a force. The horizontal axis has an arbitrary offset.
The blue region indicates the range of forces that we used for cleaning the samples. Sample
D was scanned at a force of —22 nN as indicated by the arrow. The illustrations picture the
pulling and pushing regime.

8.4 Conclusions

In summary, scanning bilayer graphene on hBN in CM AFM removes contami-
nants from the surface, reduces residual doping and significantly improves electronic
mobility. A double gated bilayer graphene transistor which was mechanically cleaned
in the fabrication process, showed mobilities up to ~ 36,000 cm? V~! s~! at 50 mK,
and opening of a bandgap. This illustrates the effectiveness of CM AFM for obtain-
ing high-quality graphene devices. Possibly, AFM and scanning tunneling microscope
(STM) setups in vacuum could benefit even more from mechanical cleaning as it can
be applied in situ, avoiding subsequent contamination by molecules absorbed from the
air [157, 227]. This new method is particularly relevant when other cleaning methods
are not effective or desirable.
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CHAPTER 9

Ballistic transport in CVD graphene

V. E. Calado*, S.E. Zhu*, S. Goswami, Q. Xu, K. Watanabe,
T. Taniguchi, G. C. A. M. Janssen and L. M. K. Vandersypen

In this chapter we report the observation of ballistic transport on micron length
scales in graphene synthesised by chemical vapour deposition (CVD). The synthesis
is done with fine control over the growth parameters in a home-made furnace. This is
critical to achieve a nucleation density down to ~ 1 mm™2, which allows us to grow
mm scale single crystals. We have adapted a dry transfer method that minimizes con-
tamination and used it to transfer monolayer graphene crystals onto hexagonal boron
nitride (hBN) flakes, which are ultra-clean and atomically flat. Transport measure-
ments were done on Hall bar geometries in a liquid He cryostat. We found mobilities
in the range of 10000 — 40000 cm? V~! s~1. Using non-local measurements we show
that electrons can be ballistically directed by a magnetic field (transverse magnetic
focussing) over length scales of ~ 1 um. Comparison with atomic force microscope
measurements suggests a correlation between the absence of wrinkles and the presence
of ballistic transport in CVD graphene.

9.1 Introduction

High electronic quality in graphene is a key requirement for many experiments
and future applications [50]. This has so far been achieved in exfoliated graphene [1]
either suspended [30] or on hexagonal boron nitride (hBN) substrates [32]. A hall-
mark of high electronic quality, apart from carrier mobility, is ballistic transport.
Ballistic transport can be detected by a negative resistance in a bend geometry [34,
228]. A more direct observation is by transverse magnetic focussing (TMF), seen
two decades ago in GaAs/AlGaAs 2-dimensional electron gas [229] and recently in
exfoliated graphene [35].

Chemical vapor deposition (CVD) synthesis of monolayer graphene is a scalable
and controllable method for the production of monolayer graphene. The CVD method
has shown that large and predominantly monolayer graphene of very high quality can
be synthesized on copper foils [73]. Considerable effort has been made to scale it up
to meters [7, 230] and to achieve single crystals up to ~mm [231-233]. Despite this

* Contributed equally to this work
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effort the electronic quality of CVD graphene is still considered to be inferior to that of
exfoliated graphene. The highest charge carrier mobilities are found in CVD graphene
on hBN substrate, reaching up to 30000 — 50000 cm? V=1 s=1 [234, 235]. Up to now
there are no reports of ballistic transport phenomena in CVD graphene. Polycrys-
talline CVD graphene contains grain boundaries, which are atomically disordered and
thus a cause for (inter-valley) scattering [236, 237]. Therefore they drastically affect
the electronic quality [238, 239]. Avoiding grain boundaries (i.e. producing large sin-
gle crystals) is a prerequisite for achieving long mean free paths. Further processing
after growth, such as transferring to hBN flakes, typically causes further degradation.
A clean (contaminant-free) and dry procedure is required to transfer CVD graphene
to hBN flakes while preserving its quality.

Here we report ballistic transport in graphene grown by the CVD method. In
this device ballistic transport emerges in the form of transverse magnetic focussing
(TMF). Large-grain-size single crystals of graphene are grown on a folded copper foil
enclosure [231] and are dry-transferred to hBN flakes. Hall bars are defined by e-beam
lithography and DC transport measurements are done in a liquid He cryostat at 4 K
and at room temperature (RT).

9.2 CVD growth

A copper foil with a thickness of 25 um is cut in ~ 2 x 3 cm? sheets (Alfa asear
> 99.8% pure). The foil is folded to a fully enclosed pocket and placed inside a quartz
tube in a home built tube oven. 0.5 sccm CH4 and 2 sccm Hs is fed through the tube
with a CH, partial pressure of less than 20 pybar. To maximize the growth speed the
temperature is set to 1050 °C, close to the Cu melting point. With these parameters we
obtain a low nucleation density in the inside of the foil pocket. In Fig. 9.1a we show
a scanning electron microscope (SEM) image of seven graphene crystals on copper
spread over an area of 3.1 x 2.0 mm?. This yields a nucleation density of ~ 1.1 mm™2.
With such a low nucleation density we are able to grow crystals that have an average
diameter of ~ 1 mm. However, in this thesis we used isolated crystals, formed in
the early stage of CVD growth, such as shown in Fig. 9.1b. These crystals are about
150 pm across and are grown in about 30 min. The crystals have a sixfold dendritic
shape. We note that at the nucleation site a small bilayer starts growing.

In Fig. 9.1c we show a Raman spectrum taken on a graphene crystal similar to
those in Fig. 9.1a, after transfer to SiO;. The spectrum confirms that the crystals
are monolayer graphene [103] with a defect density below the Raman detection limit,
as no D line at ~ 1350 cm™! is visible. In the inset of Fig. 9.1c a transmission
electron microscope (TEM) diffraction pattern is shown. It confirms a hexagonal
lattice [137]. We have recorded many more diffraction patterns, which show the same
lattice orientation over a distance of ~ 50 pum, see the Supplementary Information,
Fig. 9.5. This indicates that the graphene patches in Fig. 9.1a and Fig. 9.1b are
monocrystalline, i.e. have no grain boundaries. CVD graphene on copper is transferred
onto a hBN flake. The hBN flakes are prepared by mechanical exfoliation on a polymer
substrate. From this substrate a 250 nm thick hBN is selected and transferred onto
e-beam defined tungsten (W) gate electrodes, so that the hBN acts as a gate dielectric.
For both transfers we have used a dry method, which is similar to existing methods
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Figure 9.1: (a) Scanning electron microscope (SEM) image of a copper foil with isolated
graphene crystals after a short growth time. (b) An SEM image of one of the crystals in
(a), where the dendritic shape at the edges is visible. The dark stripes are different crystal
orientations in the Cu. (¢) Raman spectrum taken of another graphene flake transferred from
copper to SiO2, grown in similar conditions. Inset: a typical diffraction pattern, recorded in
a transmission electron microscope (TEM).

for transferring exfoliated graphene [32, 33|, see Supplementary Information, Fig. 9.6.

9.3 Device

We have contacted the CVD graphene flake with e-beam lithography defined 3 nm
Cr / 25 nm Au contacts, Fig. 9.2a, and subsequently etched Hall bars with reactive
ion etching in oxygen. In Fig. 9.2b we give a device schematic.

Carrier density (10" cm?)

device 6 4 -2 0 2 4 6
M“"_-z"','/ (b) _ 410 — 4K
ky ” g 5 — Fit
’gate gat{ graphene g — RT
._ 15
= Q Gate 8 2

I’X' e R 5
hBN

-8 -4 0 4 8
Gate voltage (V)

Figure 9.2: (a) Optical microscope image of the device. A hBN flake (light blue) is trans-
ferred onto a tungsten bottom gate. Yellow stripes are the gold contacts. (b) A schematic side
view of the device, with the materials indicated. The hBN acts here as a dielectric between
the graphene and W bottom gate. (c) Black and cyan: the sheet resistance as a function of
gate voltage and carrier density taken at 4 K respectively room temperature between probes
L1 and Ly (see inset). Red: a fit to the 4K data using the self-consistent equation for diffusive
transport as a model.

Transport measurements were done in vacuum at 4 K and at RT. In Fig. 9.2c we
show the sheet resistance measured at 4 K in black and at RT in cyan. The resistance
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peak at the charge neutrality point (CNP) became taller and narrower upon cooling
as expected. We applied a 1 pA dc current bias across the Hall bar (in the inset)
and measured the voltage drop between terminals L,; and L4 as a function of gate
voltage on the tungsten bottom gate. The charge carrier density is tuned by the gate
voltage with a coupling strength of 7.45 £ 0.02 - 10'° ecm~2 V~!, extracted from Hall
measurements, see Supplementary Information, Fig. 9.7. We find the CNP is offset
by 3.31-10'° cm~2, indicating very little background doping.

We characterize the transport properties of the device by fitting the 4K data with
the self-consistent Boltzmann equation for diffusive transport that includes long and
short range scattering [240, 241]: p = (nep. + ao)_1 + ps, where p. is the mobility
from long range scattering, op the minimum conductivity at the CNP and ps the
resistivity from short range scattering. This model fits very well to the data when we
account for the electron-hole asymmetry by using different fit parameters for the two
sides. For the low temperature hole mobility we find pj, = 41500 £ 800 cm? V1 s71,
for the electron mobility p, = 287004600 cm? V~! s~1. The RT mobilities are about
a factor two lower, see Table S1 in the Supplementary Information.

For the resistivity from short range scattering we obtain pg = 280410 Q2 for holes
and ps = 380 £ 10 Q for electrons. These are higher than what is found earlier for
exfoliated flakes on hBN (~ 70 ) [32]. For the residual conductivity o¢ we find a
value of 221 + 1.5 uS, which is 5.70 4- 0.04 €2/h. The mobility values found here are
for long range scattering only. The corresponding values for the mean free path are
200 — 400 nm for a density of 7 - 10*! cm 2.

9.4 Transverse Magnetic focussing

We further examine the electronic quality of the graphene sheet by looking for
transverse magnetic focusing (TMF). The observation of TMF would directly imply
the occurrence of ballistic transport. As shown in Fig. 9.3a, we apply a magnetic field
perpendicular to the device with a current bias from contact Ls to Ry. The Lorentz
force will act on the charge carriers and will steer them in a circular orbit with cyclotron
radius R. = hkp/eB, where R, is the cyclotron radius. Electrons leaving contact Lo
can reach contact L3 when the cyclotron radius matches one half the distance between
the contacts L and they are not scattered while traveling along the semi-circle joining
the contacts. This focussing condition occurs for specific combinations of magnetic
field and gate voltage:

2Rk

B oL, XX \/‘/ga.te- (91)

The momentum of the charges, hkp, is tuned with the bottom gate voltage Vyqte.

When electrons reach contact Lg, its potential will be raised. We probe this poten-
tial by recording the voltage V between terminal L3 and B, making the assumption
that the potential of the far-away contact B remains constant. The gate voltage and
magnetic field are swept and the resistance V/Ip;,s is plotted on a logarithmic color-
scale in Fig. 9.3b.

In Fig. 9.3b above fields of +1 T Shubnikov-de Haas (SdH) oscillations are seen as
straight lines diverging for larger magnetic field. However the lines marked with white
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Figure 9.3: (a) The non-local measurement configuration for observing magnetic focussing.
V' is measured between Ls and B while a current bias is applied between Lo and Rs. (b)
The resistance V/Iiq.s as function of gate voltage and magnetic field plotted in a logarithmic
color scale. The straight lines are due to SAH oscillations and the square-root line is due to
TMF, indicated by the arrows.

arrows do not fit the SAH pattern. These lines are attributed to TMF, following from
the square-root dependence between the magnetic field and charge carrier density, see
Eq. 9.1. For negative field and positive carrier density electrons leaving Lo are deflected
towards contact L3, where an increase of the voltage V' is observed. For positive field we
find the same square-root dependence, where holes are deflected instead of electrons,
as they carry opposite charge. Such behavior can only be observed when the region
between the contacts permits ballistic transport, i.e. little scattering takes place.

From a fit to the data, we find a distance of L = 570 nm, which is somewhat larger
than the expected lithographic distance of 500 nm, see Supplementary Information
Fig. 9.10, for the fitting data. A similar mismatch between the extracted contact
separation from TMF and the lithographic distance was recently reported in exfoliated
graphene [35].

We have performed analogous measurements across the entire device and except
between L; and Ly (See Supplementary Information, Fig. 9.9) no focussing was found
in other parts, pointing at the presence of inhomogeneities. In Fig. 9.4a we show
an atomic force microscope (AFM) image of the device. In the device a bubble and
two wrinkles are present, which may hinder transport. The wrinkles are 1 — 2 nm in
height and less than ~ 40 nm in width. The bubbles are about ~ 35 nm high. Given
the presence of such wrinkles and bubbles in the Hall bar, the mobility values are
remarkably high, in the range of the highest reported mobilities in CVD graphene [234].
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Figure 9.4: (a) AFM image of the device. It is shaped in a Hall bar geometry. Wrinkles and
a bubble could not be avoided. (b) The conductivity as function of gate voltage and carrier
density for the left terminals and in (c) the same measurement for the right terminals. The
red and green lines are fits from the self-consistent Boltzmann model.

9.5 Inhomogeneous

In Fig. 9.4b and Fig. 9.4c we have plotted the conductivity measured between each
pair of neighbouring terminals as a function of gate voltage taken at RT. We note that
the curves are all different, which implies that the device is inhomogeneous as can be
expected based on the AFM image. We fit the data with the self-consistent Boltzmann
equation separately for the hole and electron side over the gate voltage range indicated
by the red and green lines (Fig. 9.4b,c). The resulting fitting parameters are given
in Table 9.1 in the Supplementary Information. In Fig. 9.4d-g the measured hole
and electron mobility and residual resistivity are shown in colours as a spatial map
in correspondence to the device. Both mobility and residual resistance vary across
the hall bar. Some of the lowest values for the residual resistance and the highest
mobility values are found where TMF was most pronounced, at Lo — Lz. Here the
residual resistance is similar to what is found in exfoliated graphene on hBN [32]. In
the other parts with more wrinkles we see most of the time higher values of pg, which
suggests more short range scattering is taking place, presumably from the wrinkles
and bubbles. Despite this correlation, we do not find a one-to-one correspondence
between TMF and p or pg, presumably since  and pg are sensitive to scattering over
a larger area than TMF. These observations suggest that (CVD) graphene must be
flat and clean for it to show ballistic transport.
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9.6 Conclusion

In summary, we have demonstrated that TMF can be observed in CVD graphene
over a distance of almost one micron. The CVD process was optimized to obtain
large single crystal flakes. In order to preserve its high quality we have transferred
graphene flakes with a dry method onto hBN. The main limitation in electronic quality
for the current device appears to be the presence of wrinkles and bubbles. If one can
optimize the processing to reduce or eliminate the wrinkles and bubbles, it may be
possible to routinely observe ballistic phenomena that only the best exfoliated samples
have shown so far. The results are an import step forward in the direction of scalable
and controllable graphene production not only for industrial applications but also for
fundamental research.
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9.7 Supplementary Information

9.71 TEM

In Fig. 9.5 we show eight diffraction patterns recorded by TEM, using a FEI Titan
cube equipped with Cs imaging corrector, operating at 300 kV and 600 °C [242] with
a spot size of 100 nm. The measurements are taken in different locations on the same
crystal, up to 50 pm apart. The lattice orientation is for all of them the same within
the measurement accuracy of 1°. From these measurements we conclude that single
crystal domains can extend over at least ~ 50 pm. In the process of delivering TEM
samples, the wedging method has been used to transfer CVD graphene [159].

9.7.2 Fabrication of tungsten bottom gates

We have used Si/SiOs wafers with 660 nm thermal oxide, supplied by IDB tech-
nologies. They are diced in 19 x 19 mm? pieces onto which tungsten is sputtered for
80 sec at 2 puBar using 150 W RF in an Alliance sputtering system. We spincoat a
negative e-beam resist. NEB-22, using 1500 rpm for 55 s and bake it for 2 min in
an oven at 110 °C. Then the chip is directly loaded into the vacuum of the e-beam
pattern generator. A dose of 16 uC cm™2 is used to define a bottom gate, bonding
pads and e-beam search markers. The exposed substrate is without delay put back in
the oven for 2 min at 105 °C for a post bake. The etching mask is developed in MF322
for 30 sec, then two times for 15 sec in 1:10 MF322:H>O and finally rinsed for 30 sec
in HyO. The tungsten is etched in SFg/O2 at a temperature of —70 °C for 30 sec in
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Figure 9.5: Eight diffraction patterns taken with TEM in different locations in the same
graphene crystal.

a 1100 W DC / 80 W RF plasma with 300 sccm SF6 and 15 scem Oy in a AMS100
Cryo etcher. The mask is removed in an ultrasonic bath of HNOg for 1 min, rinsed in
H>0 and subjected to ultrasonication in acetone for 2 min.

9.7.3 Preparation of hBN substrates

hBN crystals are produced by the method described in Ref. [243]. The crystals
are exfoliated with blue Nitto tape and prepared onto an Elvacite/PVA polymer stack
on Si substrates. Next, hBN flakes are located in a standard optical microscope. A
Lexan frame is stuck to the Elvacite film and placed in water. While floating on the
water surface, water dissolves the PVA layer (Polyvinyl alcohol in 6 wt% HoO, Sigma
Aldrich 360627) and the Si chip is detached from the Elvacite film with hBN. The
frame is gently taken out and flipped. The frame is attached to a micromanipulator in
order to align it onto the tungsten bottom gate on the target substrate. Once the hBN
with polymer scaffold are in contact with the target substrate a heating stage is set
to a temperature of 80 °C, which is well above the 36 °C glass transition temperature
of Elvacite. The polymer film is removed by dissolving it in acetone after curing at
80 °C for at least 1 hour. Polymer residues present on the hBN surface are effectively
removed by annealing in high vacuum (~ 107% mBar) at 600 °C (W can sustain
temperatures > 600 °C). Next, a CVD graphene crystal is transferred and aligned on
top of the hBN/gate structure.

9.8 Dry Transfer of CVD graphene

Large CVD crystals are present on the inside of the copper foil enclosure. The
outside has predominantly small crystals, which are removed by reactive ion etching
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in an oxygen plasma, Fig. 9.6a. An Elvacite film! is spun on a CVD graphene/Cu foil,
which will act as a polymer support, Fig. 9.6b. The Elvacite/CVD graphene/Cu foil is
attached to a support frame by a polyamide adhesive, the support frame is not shown in
the illustrations. The copper is dissolved in a 20 g 17! ammonium persulfate? solution
for about 3 hours. The support frame is gently taken out of the etchant solution
and dried. The result is a support frame with a free standing Elvacite/graphene film,
illustrated in Fig. 9.6¢ without frame. This stack is transparent and is attached to the
micromanipulator in a transfer setup and subsequently transferred onto hBN flakes,
Fig. 9.6d.

(@) (b) (©) (d) &

Figure 9.6: (a-d) Dry transfer process schematically shown in steps. (e) Optical microscope
image of a CVD graphene crystal transferred onto a hBN flake with a W bottom gate. (f)
AFM image of the surface of an as transferred CVD graphene crystal on hBN. A lot of
residues are present. (g) AFM image of the same surface as in (f), but after annealing in
high vacuum (~ 10~ mBar) at 600 °C

In Fig. 9.6e an optical microscope image is shown of a device consisting of W
bottom gates with hBN and CVD graphene transferred on top. An AFM image
(Fig. 9.6f) reveals that a lot of residues are present after the transfer of graphene on
hBN. Subsequent annealing in high vacuum (~ 10~ mBar) at 600 °C yields a surface
shown in Fig. 9.6g. Many bubbles are present that are interconnected with each other
by wrinkles.

Flat areas are present, where the surface roughness as measured by AFM is ~
0.1 nm, similar to that of a clean bare hBN surface. To find out what is inside the
bubble we performed (on other samples) an oxygen plasma etching step. This removes
graphene, but the bubble shape persist. This can also be seen in Fig. 9.3a in the upper
left corner. From that we deduce that inside the bubbles a solid substance is present?.

IElvacite acrylic resin 2550 dissolved in MIBK, ~ 100 mg/mL,Lucite International, Inc.
2(NHy4)2S20sg, ACS reagent, >98.0%, Sigma-Aldrich 248614.
3Measurements using contact mode AFM on bubbles show that the bubbles are only partly com-
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Presumably residues in between the graphene and hBN are present and are mobilised
during the annealing process coalescing and forming bubbles.

9.8.1 Carrier Density

The charge carrier density is determined by standard Hall measurements. In
Fig. 9.7a the resistances R, and R,, are plotted as a function of magnetic field.
Here R,, is measured from the voltage drop between terminal L; and L4 and R,
from the hall voltage between Ly and Ry, while a DC current bias of 0.5 uA was
applied from A to B. We can find the carrier density by n = (dB/dR,,)/e. For the
derivative we took the slope between 0 T and 1 T extracted from a linear fit. This
is done over a gate voltage range of -10 V and +10 V, see Fig. 9.7b. The resulting
data points are fitted with a linear function and the slope gives the gate coupling of
7.4540.02-10'° cm~2 VL. The capacitance per unit area is then 11.9 nF/cm?. From
the capacitance per unit area we calculate the dielectric constant of hBN by using the
parallel plate capacitor model. The thickness of hBN is extracted from AFM measure-
ments, giving 250 nm. This yields a dielectric constant for hBN of ¢ = 3.37 £ 0.007.
This value falls in the range of values found in earlier experiments [32, 111].
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Figure 9.7: (a) R, and R, versus B at a gate voltage of —6 V We note that there is a
slight offset of ~ —400 Q in R, this could be due to the presence of a small R,, component.
In addition we see that the quantum hall states at filling factor 2, 6, 10, 14 are present but
not well developed. (b) The carrier density as function of gate voltage. The data is extracted
from the magneto-resistance measurements as in (a). From the linear fit the gate efficiency
is calculated to be 7.45-10'° cm™2 V1L

9.8.2 Field effect mobility

The field effect mobility pupg is calculated using the Drude model of conductivity
and is given by do/dn = epupg. At zero magnetic field the conductivity is related to
the sheet resistance by o = 1/p and taken from Fig. 9.2c. The derivative is calculated
by fitting piecewise a linear function over intervals of 7.2 - 101 cm™2. From the

pressible, which is consistent with the presence of a solid substance inside [111].
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resulting slope the mobility as function of carrier density is obtained and plotted in
Fig. 9.8. Here the field effect mobility is plotted as a function of carrier density, in
red the room temperature data and in black the data taken at 4 K. At high densities
(710 ¢cm~2) the room temperature mobility is ~ 9000 cm? V=1 s=! and close to
the CNP it is ~ 17000 cm? V~! s~ At 4 K this becomes ~ 7500 cm? V! s™1 at
high density and ~ 29000 cm? V~! s~! close to the CNP. From comparison with the
mobilities extracted from the Boltzmann model (see main text and next paragraph),
we notice the effect of short range scatterers on the field effect mobility in some parts
of the device.

Carrier density (10" cm?)
-12 -8 -4 0 4 8 12

30
4K

2
€20 |
v
=
>
L1070 RT
€
w
[N

0

-20 -10 0 10 20

Gate voltage (V)

Figure 9.8: Field effect mobility as function of gate voltage and carrier density at room
temperature in red and at 4 K in black.

9.8.3 Fits with self-consistent Boltzmann model

To distinguish between the short range and long range interactions we have fitted
a self-consistent Boltzmann model to our data [240, 241]: given by

p= erﬂs,h, forn<0
L — 4 pge, forn>0

nepe+oo

where pp, and p. is the hole and electron mobility for long range scattering, pg
and pg . the resistance from short range scattering for holes and electrons and o the
minimum conductivity. This function is fit to the 4K and RT data in the main text
and its corresponding fitting parameters are given in Table 9.1.

9.8.4 TMF in other parts of the device

A voltage V is measured between the terminals Ly and A while a current of 1 A
is applied from Lo to Ls, see Fig. 9.9. Here the focussing signal is hardly visible (note
that all the features appear at opposite B as for Fig. 9.3 in the main text, since here
the voltage contacts are on the other side of the current contacts). We presume this
is due to a pronounced wrinkle that crosses the semi-circle connecting L.; and Lo and
hinders ballistic transport, see Fig. 9.9b.
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Figure 9.9: (a) Another non-local measurement configuration for observing magnetic fo-
cussing. V is measured between L; and A while a current bias is applied between Ly and
R2. (b) The resistance V/Ipqs as function of gate voltage and magnetic field plotted in a
logarithmic color scale.

9.9 Extraction of L

In order to extract an effective distance L between the contacts involved in fo-
cussing, we zoom in Fig. 9.10a on the TMF feature, for a large range of gate voltages
with the same configuration as in Fig. 9.3a. The positions of the resistance maxima

Table 9.1: The hole and electron mobility (un, pe) are given for different locations in the
device, as well as the resistance for short-range interactions ps » and pg,,. The errors are the
standard deviations from the fit parameters.

‘ Hh (Cm2 V_l S_l) He (Cm2 V_l S_l) PS,h (Q) Ps,e (Q) T
Ly — Ly 41500 +£ 800 28700 +£ 600 290 + 10 38010 4K
Ly —Ly 19500 £ 100 19200 £ 100 163+ 1 345+ 1 RT
Ly — Lo 22200 £ 100 11690 £ 60 293 +1 676 + 2 RT
Ly —Lg 33170 £ 80 48500 £ 100 78+ 2 8.8£04 RT
Ly — Ly 16230 £ 40 14230 4+ 30 161.7£06 196.9+0.8 RT
Ri — Ry 37300 £ 500 20500 % 300 369 £ 5 631+ 9 4K
Ri — Ry 17930 + 70 12130 £ 50 199+1 399+ 1 RT
Ri —R» 14800 £ 50 8630 £ 40 199 +£1 370 &+ 2 RT
Ro — Rj 24000 £ 200 9500 £ 100 373+ 2 540 +4 RT
Rs — R4 20600 £ 130 17800 £ 100 74+£2 212+ 2 RT
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are shown as black dots in Fig. 9.10b. In red we have used a square-root relation
as the model dictates in Eq. 9.1, though with an additional magnetic field offset:
B = ag\/n + a1, where a; = 90 + 20 mT is ideally expected to be zero. From the fit
we find a larger separation than the lithographic separation L = 570 + 25 nm. This
value is larger than the lithographic distance of 500 nm, which calculated curve we
plot in cyan for comparison. This discrepancy is also seen in exfoliated graphene [35].
We note that this model does not fit the data very well at low densities. The offset
of a3 =90+ 20 mT is not likely the cause of an offset in magnetic field, as such large
offsets are not expected in our magnet. When forcing the fit through zero the best
fit appears to be a sublinear fit with an exponent of ~ 0.37. This is anomalous to
the square-root function, which could be the cause of a non-constant Fermi velocity.
A renormalization of the Fermi velocity has been observed in very clean suspended
devices [244]. However we can neither attribute this, because that is observed at much
lower carrier densities < 1019 cm=2.
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Figure 9.10: (a) Resistance as a function of gate voltage and magnetic field. (b) The
magnetic field value corresponding to the maxima in the resistance extracted from (a) are
plotted as a function of carrier density. In red the best fit square-root function and in cyan
eq. 9.1 from the maintext for L = 500 nm.
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CHAPTER 10

Outlook

This thesis describes a very diverse set of experiments on graphene. Here we give
the current status and discuss which steps can be taken next.

10.1 Current status

Transfer Methods Many methods have been developed for transferring graphene
onto other structures [32, 33, 73, 120-131]. We have developed the wedging transfer
method. This method is versatile and does not demand advanced lab equipment,
Chapter 4. With this method we are able to quickly transfer exfoliated graphene from
SiOs to other substrates. The disadvantage is that the transfer takes place in water,
where any contaminants may be trapped after transfer. Secondly wrinkling occurs
on strongly hydrophobic surfaces. For achieving clean devices, we use a dry transfer
technique for transferring hBN, exfoliated graphene and CVD graphene, adapted from
Ref. [32, 33].

Graphene nanopores Graphene nanopores are a promising candidate for single
molecule detection and DNA sequencing. With a graphene membrane, the thickness
can be scaled down to one atomic layer, matching the DNA base pair distance. Using
the wedging transfer method we were able to produce graphene nanopore devices with
single layer graphene. We have realised translocation of single DNA molecules through
a single layer graphene nanopore, Chapter 6. Garaj et al. [67] and Merchant et. al. [68]
used few layer CVD graphene. Although their membranes are not as thin, it has the
advantage that no alignment is needed during transfer. Currently, CVD grown single
layer graphene is well developed too. There are a few proposals to realize single base
pair detection. One is by detecting tunnel current through DNA base pairs [173] or
by detecting edge currents flowing along a perfect graphene nanoribbon within the
middle nanopore [245]. For either of these methods device fabrication is difficult and
make the ultimate goal of sequencing very challenging.

Graphene wrinkles We have shown that nm sized wrinkles appear in graphene
that is transferred on SiO; by the wedging method do not significantly limit the
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mobility, Chapter 5. The wrinkles have a height of ~ 3 nm and a width of ~ 7 nm,
there interdistance depends on the hydrophobicity of the substrate, but occasionally
in the order of 0.5 — 1 um. Wrinkles also appear in graphene transferred onto hBN,
Chapter 9. These have different dimensions, they have a height of 1 —2 nm and a width
of ~ 40 nm and they break ballistic transport. At this point it is not clear if that is
due to the curvature or the presence of hydrocarbons underneath that are physisorbed
to the graphene surface. In that case we have found that only in flat regions ballistic
transport was observed and not across wrinkles, Chapter 9. In general wrinkles are not
desirable for high-quality graphene devices. In Section 10.2.4 we propose a possible
solution.

Graphene surface cleaning We have found that in almost all experiments pre-
sented in this thesis graphene’s electronic properties are strongly dependent on its
surface cleanliness. We have developed mechanical cleaning with contact mode AFM
and have shown an improvement of the mobility and decrease in residual doping,
Chapter 8. This method is useful when oven annealing is no longer successful even
up to the highest temperatures we can apply without device damaging (~ 500 °C),
Chapter 3.

Graphene-superconducting junctions With the prospect of observing quan-
tum Hall effect with Andreev reflection we have fabricated NbTiN/graphene junc-
tions. In Chapter 7 we found that reflectionless tunelling takes place at a disordered
NbTiN/graphene junction. We have not been able to see clear QHE in combination
with Andreev reflection, for two reasons: (1) Our devices were too disordered possibly
due to the intense sputtering of the NbTiN and (2) the device geometry was rather
wide and short, which makes it harder to develop edge states. Rickhaus et al. [246]
have used a square geometry with cleaner junctions. The authors observe a conduc-
tance anomaly in quantum Hall plateaus that disappears once the superconductor
switched to the normal state at higher fields. Up to now this is the closest observation
of the interplay of Andreev reflection with quantum Hall edge states.

Ballistic transport We have observed ballistic transport phenomena on micron
length scales in CVD synthesized graphene, Chapter 9. This opens the possibility to
use CVD graphene as a platform for experiments instead of exfoliated graphene. The
main advantage here is that CVD graphene flakes can be as large as ~ 1 mm, which
allows easy handling. For instance it can be transferred without precise alignment.
Secondly it makes a step forward in scalable and controllable fabrication. This tech-
nological improvement is useful for fundamental physics in the sense that it allows
to fabricate more complex devices in much higher numbers. Next we may use this
method for future experiments such as proposed below.

10.2 Near-future experiments

Here we propose experiments that can be executed as a follow up on this thesis,
applying technology that has been developed in this thesis.
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10.2.1 Veselago lens in a p — n junction by CVD graphene

The Veselago lens in graphene was first proposed by Cheianov et al. [76]. The
lensing occurs at a graphene p — n interface, which acts as a boundary between ma-
terials with opposite index of refraction, see Section 2.2. To our knowledge there is
up to now no experimental work showing Veselago lensing. The closest experiments
in that direction is angle dependent transport in p — n junctions reported by Sutar et
al. [247]. However there is no clear experimental demonstration of negative refraction
of electrons.

Here we propose a Veselago lens in a single p — n junction, Fig. 10.1a. In this
figure a Hall bar geometry with contacts on either side inclined with angle ¢ is given.
Below the device are split gates that can independently tune the carrier density in the
left and the right part of the device. When the gates are biased oppositely a p — n
junction is formed and both sides have opposite index of refraction. A current Ip;,s
is injected in left contact ¢ and drained in right contact g. Current is expected to be
refracted at the p — n interface and focused in collector contact c. If that occurs we
measure a voltage V increase between the collector contact ¢ and a reference contact
f, that is far away where no currents are expected to flow.
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Figure 10.1: Electron focussing experiments. (a) A schematic of a device for the Veselago
lens experiment. The device is shaped in a Hall bar geometry with tilted contacts with an
angle of ¢. Underneath are split gates that can change the carrier density independently in
the left and the right side. A current is injected from contact i to contact g. A voltage drop
is measured from the collector contact ¢ to a contact far away f. When focussing occurs
a fraction of the current will be refracted towards contact ¢ and a V/Ip;qs increase is then
measured. (b) The critical angle as function of carrier density for different junction widths.
This is the typical angle up to which the collimation will take place. The smoother the
junction the less collimation and the more reflection off the barrier. (¢) A proposed device
geometry to measure Klein tunneling on the micron scale, as originally proposed in Ref. [77].

To realise this, one needs ballistic transport across the entire width of the device.
This has recently been realised in suspended graphene devices [248, 249]. In that case
the gates are below and far away, which makes the p — n junction smooth, which is
useful for achieving highly reflecting barriers but not for achieving refraction at large
angles. A sharp junction (kpd ~ 1) allows transmission at higher incident angles, in
contrast to a smoother junction (kpd >> 1) that only transmits at normal incidence
(due to the chiral nature). For a Veselago lens device a sharp p — n junction is
required. For that reason nearby gates must be as close as possible to the graphene
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sheet, which is difficult in suspended devices. Here we propose to use a thin ~ 30 —
50 nm hBN flake as a gate dielectric. A relatively sharp junction can be made by
reactive ion etching a e-beam defined thin line through a metal strip separating the
two. Gate separations of ~ 40 nm have already been realised by us in tungsten (W).
Next the hBN flake is transferred onto split gates. This yields a junction width of
twice the split gate separation which is d ~ 100 nm. This junction width allows
transmission up to relatively large incident angles within an accessible range of charge
densities [87]. In Fig. 10.1b the critical angle is plotted as function of the carrier
density for three different junction widths. The critical angle is taken from full width
at half maximum of the transmission probability for smooth junctions from eq. 2.10 in
Chapter 2. We expect that graphene on hBN has a charge carrier density fluctuation
of ~ 10% em? [250], setting a lower limit to the working range of carrier densities. For
d ~ 100 nm, this will give a critical angle of ~ 40° that sets the geometry of the device
to an accessible dimension for conventional e-beam lithography, assuming a mean free
path of 1 — 2 pm. Another way of probing transmission angle is using scanning probe
microscopy, which can in principle be done without modifying the device design.

Once this has been realised, it paves the road to more complex devices. One is to
realise Klein tunneling on micron length scales. Despite the effort so far only indirect
observations at sub-micron length scale of Klein tunneling have been reported [251—
253]. Following the original proposal [77], we can use our fabrication techniques devel-
oped in this thesis to make a series of bottom gates where some are tilted, Fig. 10.1c.
A current bias Ip;s is applied from the left to the right and a voltage drop V is
measured. Klein tunneling occurs through potential barriers where the transmission
equals 1 at normal incidence. The transmission can be blocked at specific angles of
incidence depending on the barrier height. This can be tested by a set of two gates in
parallel with one tilted. It is required here that the device is ballistic over the entire
range.

10.2.2 Double-gated twisted CVD bilayer

Bilayer graphene is AB’ (or Bernal) stacked, this means that the A atom of the
bottom layer aligns with the B’ atom of the top layer. An energy gap will open when
the layers are at different energies, due to the lifting of the sublattice degeneracy [63,
254].

When the two layers are twisted the electronic structure is strongly affected [255].
A periodic Moiré superlattice will form. This is shown in Fig. 10.2c. Here two lattices
are on top of each other with a small twist angle of § = 2° with respect to AA’.
The white areas are AA’ stacked and the blue and the red are AB’ and BA’ stacked,
Fig. 10.2b. An electric field opens a gap only in the AB’ and BA’ regions, shown in
black in Fig. 10.2d. Here black is gapped and white is metallic. Topological protected
modes appear in between the AB’ and BA’ gapped regions, connecting the metallic
AA’ regions indicated by the white arrows [256]. The result is a new periodic network
consisting of valley current vortices [257]. This is predicted for large Moiré periods
and thus small twist angles § < 1°. Coexisting AA’ and AB’ electronic configurations
have recently been observed in angle resolved photoemission spectroscopy (ARPES)
in twisted bilayers with a small twist angle of 0.1° [258].

At somewhat larger twist angles 1° < 6§ < 3° a Hofstadter butterfly spectrum is
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AA

Figure 10.2: (a) An SEM image of CVD graphene on Cu foil. The dark hexagons are a
second layer grown on top (or below) of the first layer. From the orientation of the edges we
see that the two layers are most certainly twisted. (b) Three different lattice configurations
for twisted bilayer, for AA’ the lattices are precisely on top of each other. For AB’ and BA’
the lattices are exactly one carbon-carbon bond length shifted. (c¢) A periodic Moiré pattern,
with a twist angle of §2°. The colors correspond to the lattice orientations. (c¢) For small
twist angles a gap van be opened in the AB’ and BA’ sites where in between topological
protected chiral states connect the metallic AA’ sites.

predicted [259]. In addition in this regime a Van Hove singularity (VHS) in the density
of states at the M point has been observed in scanning tunneling measurements (STM)
at accessible energies [260]. At a VHS in the density of states new phases of matter
are predicted, such as chiral superconductivity [261].

At large twist angles, 3° < 6 < 30°, the layer are decoupled and behave as two
separated monolayers. This has been realised with two transferred exfoliated graphene
flakes [262]. With that approach there is very little control of the twist angle.

Recently our collaborators! have grown bilayer graphene with the same CVD
method as described in Chapter 9. An SEM image is shown in Fig. 10.2a. Here
the dark contrasted hexagons are randomly distributed bilayers. In the background,
a continuous film of monolayer is present. The hexagon shaped bilayers are all ro-
tated with respect to each other, implying that there must be a twist with the bottom
layer?. This is also seen in recent transport measurements done in CVD graphene

1Shou-En Zhu and Guido Janssen.
2We assume here that the second layer is grown on top of the first, we have no evidence for that.
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bilayers [263]. What remains to be seen is what the twist angles are and which bilayer
flakes are below 6 < 3°. The most direct measurement would be to measure the Moiré
period in STM. Recently it has been shown that Raman spectroscopy can be used as
well to measure the twist angles to a few degree accuracy [264, 265]. Once the twist
angle is known, we transfer the twisted CVD graphene onto a hBN flake. We contact
the flake with metal contacts and cap it off with a second hBN flake, onto which we
deposit a top gate. We have a twisted bilayer devices sandwiched between two hBN
flakes with bottom and top gates.

We can look for Hofstadter’s butterfly spectrum when applying a magnetic field.
Furthermore, we can start to explore the electronic properties near VHS at accessible
energies and explore new phases of matter. For very small twist angles chiral networks
should exist, which strength is controlled by the external gates. We speculate that
it should somehow respond to a in plane magnetic field. Twisted bilayer graphene
devices can be a very interesting and yet largely unexplored direction.

10.2.3 Superconductivity

Clean graphene-superconductor interfaces are desirable for many interesting ex-
periments such as specular Andreev reflection and the coexistence of quantum Hall
edge state with Andreev reflection. In the experiments described in this thesis and in
earlier work [216], progress has been made to realise these devices. Despite the effort
either the graphene was of low quality or the junction transparency was too poor. In
these experiments a titanium sticking layer was e-beam evaporated in a different sys-
tem than where the NbTiN superconduting film is sputtered. Prior to the sputtering
the titanium oxide had to be removed by an energetic plasma, which damaged the
graphene despite efforts to protect it with an etch mask.

c(> 777777 |
1

Figure 10.3: Proposed device design for observing specular Andreev reflection (SAR). When
the carrier density is low enough SAR takes it over from retro-reflection and a charges are
Andreev reflected towards contact c.

An improvement would be to use CVD graphene® on hBN of high-quality some-
thing we recently achieved. Next a titanium protection layer is e-beam evaporated on
the graphene onto which subsequently the NbTiN superconducting film is sputtered,

It may be that the second layer grows in between the first layer and the Cu.
3Exfoliated graphene is suitable as well, however CVD graphene showing similar quality has an
advantage of higher throughput than exfoliated.
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this can now be done in one system. In this way the vacuum does not have to be
broken and no damage from an energetic plasma has to take place.

In Fig. 10.3 we propose a device design for observing specular Andreev reflection
(SAR) in a similar way as the Veselago lens device. See more about the analogies
between p — n junction and Andreev reflection in Ref. [100]. Current is applied from
i to the superconductor contact g. A voltage is measured at the collector contact ¢
relative to a contact far away. When SAR takes place charges are Andreev reflected
towards contact ¢ and increase or decrease of V should be measured, depending on the
polarity of the carriers. When the gate voltage is swept above the superconducting gap
solely retro reflection takes place and no carriers arrive at contact c. For this device it
is required that the potential fluctuations, typically on hBN ~ 5 meV [250], are either
slowly varying across the superconductor or small compared to the superconducting
gap and the mean free path must be larger than the device width.

10.2.4 Technology
Here we propose a few technological improvements.

e Vacuum transfer

Up to now transfers of hBN and graphene have been done in atmospheric condi-
tions outside a cleanroom. Wrinkles and bubbles always appear after the trans-
fer. Any contamination in air or on a surface may be trapped once transferred.
This could be the cause of wrinkles. A transfer in vacuum is therefore appealing.
We have developed a small holder in which we can mount the target substrate
(i.e. substrate with hBN flake) and clamp the frame with the polymer scaffold
(i.e. the graphene). The layers are aligned with respect to each other in a mi-
croscope with a micromanipulator. Next, the frame is clamped and the holder
is taken away from the microscope. With a screw on the bottom we can then
move the target substrate onto the polymer scaffold. The holder can be placed
in a vacuum oven. Once in vacuum the polymer film touches the substrate but is
not yet sticking. To make them stick the temperature is increased to 80 °C. At
that temperature the polymer melts onto the substrate. Then the holder can be
taken out and two polymer is stuck onto the substrate and a transfer in vacuum
is done.

¢ Eliminating bubbles
Recently we have seen in some cases that the wrinkles disappear when we do
an annealing treatment with slow ramp up times and slow ramp down times.
Up to now it is poorly understood why this happened. This needs to be further
investigated in order to precisely understand the mechanism or at least the
correct parameters. It may be the solution to the wrinkle problem.

e hBN capping
We have noticed in AFM measurements that after etching graphene in a desired
shape polymer residues are present that are impossible to remove, apart from
mechanical cleaning. We propose to cap off the clean graphene with a thin
layer of hBN and then etch the desired shape through both layers. In that case
residues are touching the hBN and not the graphene.
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e Synthetic large area hBN
As we now use CVD graphene, we are no longer limited by the size of the
graphene flakes but by the exfoliated hBN flakes. A way to produce large scale
hBN is by a CVD method [266]. This would be a very attractive alternative to
the current exfoliated hBN.
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Summary

Graphene is a one-atomic thin sheet of carbon. It exists in nature, as a part of
graphite. With sticky tape one can exfoliate a single graphene layer from a graphite
chunk and transfer it onto a silicon substrate. Graphene’s properties are remark-
able and very diverse. To name a few: It is a semiconductor with a zero-band gap.
Its energy dispersion is conical, which results in massless electrons described by the
relativistic Dirac equation. The carbon atoms are arranged in a hexagonal lattice,
which gives electrons an extra degree of freedom: the pseudo-spin. The pseudo-spin
is connected to the momentum of the electrons, and therefore electrons are chiral in
graphene. Furthermore graphene is transparent, very flexible and ten times stronger
than steel. It can conduct heat better than diamond and is impermeable even to
helium gas. All these properties together make graphene a very attractive platform
for research in numerous directions.

We employ graphene’s unique properties to explore fundamental physics or create
novel applications. This is done by fabricating and measuring graphene nanodevices.
The graphene for our devices has been produced with different methods. Next, nanos-
tructures are made by e-beam lithography. Most measurements are done by DC
electronic transport at room temperature or at low temperatures as low as 4 K or 50
mK. This thesis describes a diverse set of experiments.

Transfer Method We have developed a method to transfer nanostructures and
in particular graphene from its substrate onto other substrates with micrometer align-
ment precision. The transfer occurs by immersing a polymer-coated substrate in
water, that separates the polymer from the substrate. Since graphene sticks to the
polymer, this method has allowed us to transfer graphene on other substrates than
SiOs. We have shown that the electronic properties are not significantly affected by
the transfer, despite the formation of wrinkles after transfer. We have some control
over these wrinkles in size and orientation by engineering the substrate morphology
and modifying the surface hydrophobicity.

Graphene nanopores We have realised a graphene nanopore, using the transfer
method described above. Electronically detecting individual base pairs is a promising
method for DNA sequencing. The distance between two DNA base pairs is about
~ 0.3 nm. This distance is about the same as the thickness of graphene. Graphene is
at the same time the thinnest material that exists in nature. Thus to achieve single
base pair resolution graphene appears to be a logical choice. Single DNA molecules
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are dragged through a nanopore in graphene by applying an ionic current in a salt
solution. During these events the ionic current decreases and hence single molecule
translocation events can be detected and further analysed. With this device we have
set the first step in the direction of a proto-type DNA sequencing device based on
graphene.

Graphene superconductor interfaces The interplay between graphene and
superconductors at high magnetic fields is not well understood. In that context we
have fabricated graphene/NbTiN junctions. NbTiN is a type II superconductor, with
a typical critical field of above > 11 T. Transport through a graphene superconductor
junction is carried by Andreev reflection, notable by the doubling of the differential
conductance. We have observed more than a doubling of the differential conductance
in strongly disordered graphene/NbTiN junctions, that may be explained by an en-
hancement of Andreev reflection caused by disorder near the junction.

Surface cleaning of graphene Using the tip of an atomic force microscope,
we have mechanically cleaned graphene flakes. This can literally be seen as cleaning
graphene with a nanometer sized broom. We have shown an improvement of the elec-
tronic mobility and a decrease of external doping. In dual gated bilayer graphene on
hexagonal boron nitride (hBN) we have found mobilities up to ~ 36,000 cm? V=1 s=1.
This new method is particularly relevant when other cleaning methods are not effective
or desirable.

Ballistic transport in CVD graphene For the first time we have observed
ballistic transport in chemical vapour deposited (CVD) graphene on micron length
scales. This has so far only been seen in exfoliated graphene. To realise this we have
adapted a dry and clean transfer method to transfer CVD graphene onto hBN flakes.
CVD graphene has the advantage over exfoliated graphene that it can be produced on
a large scale and is thus suitable for industrial purposes. Another attractive aspect is
that CVD graphene can become an interesting alternative to exfoliated graphene as a
platform for fundamental research.
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Samenvatting

Grafeen is een enkel-atoom laag van koolstof. Het komt in de natuur voor als
onderdeel van grafiet. Met plakband kan men een enkele laag grafeen los trekken
van een brokje grafiet en overdragen op een silicium chip. De eigenschappen van
grafeen zijn buitengewoon bijzonder en zeer divers. Hier noemen we enkele: Het is
een halfgeleider zonder een energiekloof. De energiespreiding verloopt linear, waardoor
elektronen massaloos worden en hun gedrag beschreven wordt met de relativistische
Dirac vergelijking. De koolstofatomen zijn gerangschikt in een hexagonaal rooster.
Deze ordening biedt elektronen een extra vrijheidsgraad: de pseudo-spin. De pseudo-
spin blijkt verbonden met de bewegingsrichting van de elektronen, waardoor elektronen
chiraal zijn in grafeen. Verder is grafeen transparant, zeer flexibel en tien keer zo sterk
als staal. Het kan warmte beter geleiden dan diamant en is ondoordringbaar zelfs
voor helium gas. Al deze eigenschappen samen maken grafeen een zeer aantrekkelijk
platform voor onderzoek in tal van richtingen.

We maken gebruik van unieke eigenschappen van grafeen om de fundamentele na-
tuurkunde verkennen of om nieuwe toepassingen maken. Dit wordt gedaan door het
vervaardigen en het meten van grafeen nanodevices. Het grafeen voor onze nanodevi-
ces is geproduceerd met verschillende methoden. Vervolgens worden nanostructuren
geschreven met electronstraallithografie. De meeste metingen zijn uitgevoerd door DC
elektronentransport te meten bij kamertemperatuur of bij lage temperaturen tot 4 K
of 50 mK. Dit proefschrift beschrijft een gevarieerde set van experimenten.

Grafeen overdrachtmethode We hebben een methode om nanostructuren en
in het bijzonder grafeen over te brengen van zijn oorspronkelijk substraat op andere
substraten ontwikkeld. De overdracht vindt plaats door het onderdompelen van een
polymeer gecoat substraat in water. Het water scheidt het polymeer van het substraat.
Omdat grafeen aan het polymeer plakt, staat deze methode ons toe om grafeen over te
dragen op andere substraten dan SiOy. We hebben aangetoond dat de elektronische
eigenschappen niet significant beinvloed worden door deze overdracht, ondanks de
vorming van rimpels in grafeen na overdracht. We hebben enige controle over deze
rimpels in grootte en oriéntatie door de morfologie van substraat en het beinvloeden
van de oppervlaktehydrofobiciteit.

Grafeen nanogaatjes We hebben een grafeen nanogaatje gerealiseerd, met be-
hulp van de overdracht methode zoals hierboven beschreven. Elektronisch detecteren
van afzonderlijke basenparen is een veelbelovende methode voor DNA sequentiebepa-
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ling. De afstand tussen twee DNA-basenparen is ongeveer ~ 0.3 nm. Deze afstand
is ongeveer gelijk aan de dikte van grafeen. Grafeen is tevens het dunste materiaal
dat in de natuur bestaat. Dus om een resolutie te halen van een enkel basenpaar lijkt
grafeen een logische keuze. Afzonderlijke DNA moleculen worden door het nanogaatje
getrokken als gevolg van ionische stroom in een zoutoplossing. Wanneer het DNA
molecuul zich in het gaatje bevindt neemt de ionische stroom af. Dit kunnen we zo-
doende detecteren en verder analyseren. Met dit apparaat hebben we de eerste stap
in de richting van een prototype grafeen DNA sequentie apparaat gezet.

Graphene superconductor interfaces Van de wisselwerking tussen grafeen
en supergeleiders bij hoge magnetische velden is weinig bekend. In dat kader hebben
we grafeen met NbTiN verbonden. NbTiN is een type II supergeleider met een typisch
kritische veld van meer dan > 11 T. Transport van grafeen naar een supergeleider
gaat gepaard met Andreev reflectie, wat waargenomen door een verdubbeling van de
differentiele geleiding. In sterk wanordelijk grafeen/NbTiN raakvlakken hebben we
meer dan een verdubbeling van de differentiele geleiding waargenomen, die verklaard
kan worden door een versterking van Andreev reflectie als gevolg van de wanorde in
grafeen.

Oppervlakte reiniging van grafeen Gebruikmakend van de punt van een ato-
maire kracht microscoop, hebben we mechanisch grafeen schoongemaakt. Dit kan
letterlijk worden gezien als het schoonvegen van grafeen met een nano-bezempje.
Met deze methode hebben wij een verbetering van de elektronische beweeglijkheid en
een afname van de externe dotering gerealiseerd. In een bilaag grafeen transistor op
hexagonaal boornitride (hBN) hebben we beweeglijkheden tot ~ 36,000 cm? V=1 s~1
waargenomen. Deze nieuwe methode is met name relevant wanneer andere reinigings-
methoden niet effectief of wenselijk worden geacht.

Ballistisch transport in CVD grafeen Voor het eerst hebben we ballistisch
transport waargenomen in chemische opgedampt (CVD) grafeen op micron lengte-
schalen. Dit is tot nu toe alleen waargenomen in geéxfolieerd grafeen (vervaardigd
uit de plakband methode). Om dit te realiseren hebben we een droge en schone over-
drachtsmethode gebruikt om CVD grafeen overbrengen naar hBN vlokken aangepast.
CVD grafeen heeft het voordeel ten opzichte van geéxfolieerd grafeen dat het op grote
schaal geproduceerd kan worden en dus geschikt is voor industriéle doeleinden. Een
ander aantrekkelijk aspect is dat CVD grafeen een interessant alternatief kan worden
voor geéxfolieerd grafeen als een platform voor fundamenteel onderzoek.
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