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Cambridge, USA. April 2017





I



II



Abstract

Under mesoscopic conditions, strong electron-electron interactions and weak electron-
phonon coupling in graphene lead to an hydrodynamic behaviour of electron dynamics,
resulting in unusual transport phenomena. During the last years, there have been several
theoretical studies of macroscopic signatures of this collective cooperation of electrons.
Here, we want to distinguish this hydrodynamic regime studying the conductance through
a narrow geometrical constriction in graphene.

To do so, we have fabricated high-quality, low-disorder graphene nano-constriction
devices encapsulated by hexagonal boron nitride, where electron-electron scattering dom-
inates impurity scattering. We carried out systematic four-probe conductance measure-
ments on devices with different constriction widths as a function of carrier density and
temperature. The observation of quantum transport phenomena that are inconsistent
with the non-interacting ballistic free-fermion model suggests a macroscopic transport
signature of electron viscosity.
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Introduction

The interest in graphene has increased enormously since its experimental discovery in
2004 (1). Due to its exceptionally high crystal and electronic quality (2), this material
happened to be a great medium to study fundamental quantum phenomena —like tun-
neling, confinement, and quantum Hall effect (3; 4)— experimentally. Also, it has an
unusual energy spectrum (5) that even allows to study relativistic phenomena on it that
are difficult and expensive to observe in high-energy physics experiments. Its charge car-
riers mimic relativistic particles with zero rest mass and have an effective speed of light
of approximately 106 ms−1 (5), so electron transport in graphene can be well described
by Dirac’s relativistic equation.

This rise in the interest in graphene was accompanied by the recent progress in fabri-
cation technology (6; 7). It is now possible to fabricate devices of nanometric dimensions,
with sharp edges and clean interfaces. When the dimensions of the devices studied be-
came smaller and smaller, transport in graphene nanoribbons and constrictions evolve
from a disorder-dominated behaviour to a ballistic regime where boundary effects and
crystal alignment govern the transport characteristics (8).

Among the multiple physical phenomena that we can study in this material, there
have been several recent studies that predict interesting transport behaviours when the
carrier-carrier interactions are strong (9; 10; 11; 12). In graphene, this carrier-carrier
interactions can be specially enhanced with respect to impurities and phonons scatter-
ing effects. When this happens, electronic transport can be studied using hydrodynamic
models to describe the carrier dynamics. This is what we call the viscous regime of trans-
port.

The objective of this work is to study this viscous regime. Specifically, we will try
to detect macroscopic transport signatures of carrier-carrier interactions using graphene
devices with nanometric geometrical constrictions. This work was inspired by the the-
oretical study of this same geometry by Guo, Ilseven, Falkovich and Levitov, published
early this year (12).

Outline of the work

We will finish this introduction with a brief overview of graphene properties, where we
will introduce several concepts that will appear in the following chapters.
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After that, in chapter 1 we will give a theoretical introduction to the different trans-
port regimes that are expected for different relations of the relevant length-scales of the
problem. We will also present the specific geometry we are interested in for this work —a
narrow graphene constriction— and will explain the macroscopic signatures of carrier-
carrier interactions we could find at this specific geometry (12).

The second chapter will be about sample fabrication. The techniques that were
used to fabricate the devices for this work will be explained. We will talk about the
transfer technique, e-beam lithography, etching and metal evaporation.

Then, in chapter 3, we will explain the measurements that have been carried out.
We will devote some time to the introduction of the measurement setup and configuration
before explaining and treating the data taken.

Finally, we will briefly summarise the conclusions of this work, together with an ex-
planation of similar results about this topic.

What is graphene?

Throughout the following chapters I will mention graphene multiple times, since this
is a good system to experimentally study the physical phenomena we are interested in,
and the one we are going to use. For this reason, before starting, I want to give a brief
overview of the unique properties of this material that make it specially useful to study
quantum and transport phenomena on it.

Figure 1: Honeycomb lattice and its Brillouin
zone. Left: graphene lattice structure showing in
different colors the two triangular sublattices (a1 and
a2 are the lattice unit vectors. Right: corresponding
Brillouin zone in momentum space. The Dirac cones
are located at the K and K′ points. Adapted from
(13).

Here, I will give a very
short overview of the fundamen-
tal electronic properties of this
material. For further back-
ground and review of graphene
physics beyond the scope of
this introduction, I recommend
the accessible reviews by An-
drei Geim (14), Castro Neto
et al. (13) or Sarma et al.
(15).

Two-dimensional gated graphene
was experimentally discovered by
Novoselov and Geim at the Uni-
versity of Manchester in 2004 (1).
It consists of a single 2D sheet of
carbon atoms in a honeycomb
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lattice, with a one-atom thick-
ness. This structure can be thought as a triangular lattice with two atoms per unit
cell, with the 2D lattice vectors a1 = (a/2)(3,

√
3) and a2 = (a/2)(3,−

√
3) (a = 0.142

nm is the C-C distance). We can see a scheme of this structure in figure 1.

K = (2π/(3a), 2π/(3a
√

3)) and K′= (2π/(3a),−2π/(3a
√

3)) are the inequivalent cor-
ners of the Brillouin zone and are called the Dirac points. The most relevant electronic
physics of graphene carriers occurs close to the Dirac points, as we will see.

The graphene electronic band dispersion was first calculated by Wallace (16) in
1947, within the tight-binding prescription. The following approximate analytic formula
is obtained for the conduction (+, π∗) band and valence (−, π) band.

E±(q) ∼ 3t′ ± h̄vF q −
(

9t′a2

4
± 3ta2

8
sin(3θq)

)
q2 (1)

Figure 2: Electronic dispersion of graphene. The
π-band (red) and the π∗-band (blue) touch each other
at singularity points (K and K′ points). The enlarge-
ment shows the dispersion at the singularity points,
the Dirac cones. It has a conical form with an ap-
proximately linear slope. Adapted from (17).

Here, q = qx + iqy is
the momentum measured rel-
atively to the Dirac points,
vF = 3ta/2 is the Fermi ve-
locity, θq = arctan−1(qx/qy) is
the angle in momentum space
and t and t′ are, respectively,
the nearest-neighbor (i.e. in-
tersublattice A-B) and next-
nearest-neighbor (i.e. intrasub-
lattice A-A or B-B) hopping
amplitudes. We have t �
t′.

The band structure of graphene
is represented in figure 2 for finite
values of t and t′. The spectrum
is symmetric around zero energy

if t′ = 0. For finite values of t′, the electron-hole symmetry is broken and the π and π∗

bands become asymmetric, as we see in the figure. For convenience, t′ is usually consid-
ered equal to zero.

The almost universally used dispersion close to the Dirac points (for small values of
q) is given by E±(q) = ±h̄vF q +O(q/K)2. This energy-momentum dispersion is linear,
with the conduction and valence bands intersecting at q = 0. This contrasts with the
usual quadratic dependence for semiconductors, where E(q) = q2/2m. The linear long
wavelength Dirac dispersion, with Fermi velocity rougly 1/300 of the corresponding ve-
locity of light, is the most distinguishing feature of graphene.

Graphene can thus be considered a zero-gap semiconductor with massles charge carri-



6 CONTENTS

ers. These quasiparticles have a particular unique nature; instead of being well described
by the Schrödinger equation, as generally happens in condensed matter, they mimic rel-
ativistic particles and are better described using the Dirac equation. This is why these
quasiparticles are called massless Dirac fermions.

Charge carriers can be tuned continuously between electrons and holes by changing the
level of the Fermi energy by gating the system. A typical geometry for doing do is shown
in figure 3 (a). The Dirac point of gapless graphene, where its character changes from
being electron-like to being hole-like, is called the charge neutrality point (CNP).
Tuning an external gate voltage we can put carriers in the conduction or valence band
and also pass by the CNP, where EF resides precisely at the Dirac point. At zero temper-
ature and at the CNP there are not free carriers. Any finite temperature makes electrons
(holes) be present in the conduction (valence) band even when the gate is tuned to the
charge neutrality point. When the Fermi enerygy is tuned to be far from the CNP, we
say that the system is in the degenerate limit. In this case we can consider that only
one type of carriers is present in the system (electrons or holes). In the following chapters
we will make reference again to these two regimes and distinguish between being close
to the charge neutrality point and being at the degenerate limit. Figure 3 (b) shows the
change in resistivity of a graphene flake as the level of the Fermi energy is changed.

Figure 3: Ambipolar electric field effect in single-layer graphene.(a) Typical
configuration for gated graphene. (b) Resistance as a function of the gate voltage Vg.
The insets show the conical low-energy spectrum of graphene E(q), indicating changes
in the position of the Fermi energy EF with changing Vg. Positive (negative) Vg induce
electrons (holes) in concentrations n = αVg, where the coefficient α comes from the
capacitance of the SiO2 layer used as a dielectric. Adapted from (18).

A simple capacitance model connects the 2D carrier density n with the applied ex-
ternal gate voltage Vg. If C is the gate capacitance and e is the absolute value of the
electron charge, the doping induced by the gate is given by
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n =
CVg
e

(2)

We can make an analogy between graphene and the Si inversion layer in a Si MOS-
FET structure. Both systems usually have SiO2 as the gate oxide layer, but graphene
doesn’t have band gap as silicon does. Therefore, simple gated graphene can’t behave as
a transistor, since the system never becomes insulating at any gate voltage.
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Chapter 1

Theoretical models

Usually, transport of electrons (or holes) is dominated by scattering events, which relax
the carrier momentum and determine the conductivity of the medium. The Drude model
is based on this idea and generally provides a very good explanation of DC and AC
conductivity in metals. It considers electrons which can not interact among them but
interact with the lattice (they are scattered by impurities and phonons).

However, when we deal with mediums of size comparable to the mean free path of
the carriers the scattering events stop being that relevant. Studying what happens under
these special conditions is interesting by itself, but now that the size of electronic devices
has gone down to nanometric lengthscales, this is not only something interesting but a
necessity.

A well established model for studying electron flow through nanometric metallic sys-
tems is the free electron ballistic model (19). It predicts a ballistic limit value for con-
ductance through the constriction.

In this project I experimentally study the deviations from the predictions of the bal-
listic model when carrier interactions are strong. We will see that, when we have highly
interacting systems of electrons, we can model them as a viscous fluid, using hydrody-
namic theory. We will try to experimentally find signatures of this behaviour.

In this chapter we will establish the theoretical predictions for the electronic transport
through a conductor for different relations of the relevant lengthscales of the problem.
We will try to focus on the expected behaviour in graphene, since it is the material that
will be used in the experiments.

In section 1.1 we will see how the electronic transport properties of materials change
when their sizes become smaller and smaller. Three transport regimes will be presented;
the diffusive one, the ballistic one and the viscous one. Each of them will be explained
in the following sections (1.2, 1.3 and 1.4).

9



10 1.1. MESOSCOPIC ELECTRONICS IN SOLID STATE NANOSTRUCTURES

1.1 Mesoscopic electronics in solid state nanostruc-

tures

Conventional transport theory makes presumptions about certain length and energy
scales. It assumes, for example, that the electron mean free path (which is, roughly
speaking, the average distance that a carrier travels before getting scattered) is small
compared to the feature size of the system. When the device dimensions are comparable
or smaller than the mean free path we talk about mesoscopic transport.

Depending on the relation of the scale of the system to the elastic and inelastic mean
free paths of the carriers, we can find different transport regimes [figure 1.1].

First, when the inelastic scattering with impurities and phonons dominates and the
device dimensions are much greater than the mean free path, transport is well described
by the Drude model and the Boltzmann equation. This is what we call the diffusive
regime [figure 1.1(a)].

However, when the travel time across the sample dominates the momentum relaxation
time and the inelastic mean free path of the electrons is comparable to the length of the
system, we can see the electrons as free fermions and use Landauer’s formula to describe
the transport. In this case, we say the system is in the ballistic regime [figure 1.1(b)].

Any of these two regimes considers the electron-electron interactions. If the momen-
tum conserving carrier collisions dominate and the electron-electron elastic scattering
mean free path is the shortest length scale of the problem, we can describe the elec-
tron fluid using hydrodynamic models [figure 1.1(c)]. This is, then, the hydrodynamic
regime.

Figure 1.1: Three regimes of electronic dynamics . Schematic representation of the
carriers in the diffusive (a), ballistic (b) and hydrodynamic (c) regimes.

To be more quantitative, the three regimes can be characterized by the relation of
three quantities; the inelastic mean free path of the carriers (li), their elastic mean free
path (le) and the length of the system (L). The collisions of carriers with impurities and
phonons are generally inelastic, so when li is the shortest length-scale of the problem
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(when li < le, L) we are in the diffusive regime. When the electron-electron interac-
tions are not relevant but the size of the system is small (when L < le, li), the ballistic
behaviour dominates. Finally, the collisions between carriers are elastic, if they are fre-
quent and le is the shortest length-scale (le < L, li), we are in the hydrodynamic regime.

For each of these regimes we expect different behaviours of the conductance. In the
following sections I will briefly present each of the models.

Usually, low temperature is a necessary ingredient for seeing mesoscopic or hydro-
dynamic effects. At room temperature, a major source of scattering is electron-phonon
interaction, with a mean free path of around 10 nm. So at high temperatures transport
in an average device of dimensions of around 1 µm will be diffusive.

1.2 Diffusive model for the conductivity

For a nice and complete explanation of both diffusive transport and mesoscopic transport
of electrons using quantum-mechanical and semiclasical approaches I refer to the Quan-
tum Transport book by Nazarov and Blanter (20). Here, I will give a simple approach
to study the resistance properties of difussive systems using the simplest version of the
Boltzmann model.

The model considers we have an external electromagnetic field that pushes the car-
riers in one direction. Also, since the scattering events are frequent compared with the
travel time across the system, we can consider an homogeneous friction that comes from
averaging over all microscopic scattering events. Diffusive theories consider that a steady
state is established between the external electromagnetic fields and the friction inside the
solid. We will apply these assumptions along the following paragraphs.

We are now going to derive the general version of the Boltzmann equation that de-
scribes diffusive electronic transport [subsection 1.2.1]. From there, and applying several
simplifications, we obtain a more simple Boltzmann equation. In subsection 1.2.2 we will
calculate the conductance predicted for this theory and we will see how the Drude model
is derived naturally from the Boltzmann equation. These derivations are based on the
explanation given in reference (21), but have been adapted to two-dimensional systems.

1.2.1 The Boltzmann equation

The objective of this section is calculating the electron distribution function φ(~k, ~r, t)

(which without any external excitation is equal to the Fermi distribution f(~k)) when an

electric field ~E is present.

The distribution function φ(~k, ~r, t) indicates the density of carriers at the point {~k, ~r}
of the phase space at time t. 2

(2π)2
φ(~k, ~r, t)d~kd~r is the number of carriers with a spin
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degeneracy of 2 in d~kd~r.

In order to study the evolution of φ with time, we must consider both the effect of
~E and the scattering events. In a time interval of dt, the electric field makes an electron
located at (~k, ~r) at time t move to (~k−(e/h̄) ~Edt, ~r+~v(~k)dt) at time t+dt. The scattering
events also contribute to change φ during dt. This results in

φ

(
~k − e

h̄
~Edt, ~r + ~v(~k)dt, t+ dt

)
d~kd~r = φ(~k, ~r, t)d~kd~r +

[
∂φ(~k, ~r, t)

∂t

]
scatter

dtd~kd~r (1.1)

If we expand the left-hand side in dt up to first order we obtain the general Boltz-
mann equation

φ(~k, ~r, t)− e

h̄
~E · ~∇~kφ(~k, ~r, t)dt+~v · ~∇φ(~k, ~r, t)dt = φ(~k, ~r, t) +

[
∂φ(~k, ~r, t)

∂t

]
scatter

dt (1.2)

− e

h̄
~E · ~∇~kφ(~k, ~r, t) + ~v · ~∇φ(~k, ~r, t) =

[
∂φ(~k, ~r, t)

∂t

]
scatter

(1.3)

We can do several things in order to simplify this equation. First, we assume the
system is homogeneous in time and drop all the ~r dependence.

− e

h̄
~E · ~∇~kφ(~k, t) =

[
∂φ(~k, t)

∂t

]
scatter

(1.4)

Also, we assume all the scattering mechanisms generate an average relaxation time
τ , independent of ~k and ~r. This is the relaxation time approximation. If there was not
electric field, the distribution function would exponentially decay to the Fermi distribu-
tion with a decay time of τ , so

[
∂φ(~k, t)

∂t

]
scatter

= −φ(~k, t)− f(~k)

τ
(1.5)

If we also consider we are in a stationary state, there is not time dependence. So the
equation now becomes



CHAPTER 1. THEORETICAL MODELS 13

e

h̄
~E · ~∇~kφ(~k) =

φ(~k)− f(~k)

τ
(1.6)

Now, we assume the electric field is small, such that the deviation of φ from the Fermi
distribution is small and ~∇~kφ(~k) ∼ ~∇~k(~k). We have

eτ ~E

h̄
· ~∇~kf(~k) = φ(~k)− f(~k) (1.7)

Figure 1.2: Displaced Fermi surface.
Carriers in the dark grey region carry the
net current. Figure taken from (21).

If eτ ~E/h̄ � ~k, then f

(
~k + eτ ~E

h̄

)
∼

f(~k) + eτ ~E
h̄
· ~∇~kf(~k). We have ob-

tained the simplified Bolzmann equa-
tion

φ(~k) = f

(
~k +

eτ ~E

h̄

)
(1.8)

So, under the approximations made,
small electric fields displace the Fermi
surface in k-space by eτ ~E/h̄ with-
out changing its shape. We see
an scheme of this behaviour in figure
1.2.

1.2.2 The conductance predicted by the simplified Boltzmann
equation

Now, we want to calculate the electric conductance σdiff predicted by equation 1.8. It

relates the magnitudes of the electric field and the current density ~j.

~j = σdiff ~E (1.9)

And can be calculated doing

σdiff =
~j · ~E
~E2

(1.10)
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So we just have to calculate ~j starting from 1.8 and integrating over the k-space the
partial currents ~j(~k)

~j(~k) = −eφ(~k)~v(~k) = −eφ(~k)
h̄

m∗
~k (1.11)

We include a prefactor of 2
(2π)2

that accounts for a spin degeneracy of 2 and the volume
occupied for each state

~j =
1

2π2

∫
~j(~k)d~k =

−eh̄
2π2m∗

∫
φ(~k)~kd~k =

−eh̄
2π2m∗

∫ (
f(~k) +

eτ ~E

h̄
· ~∇~kf(~k)

)
~kd~k (1.12)

By symmetry,
∫
f(~k)~kd~k is zero, so

~j =
−e2τ

2π2m∗

∫
~∇~kf(~k) ~E~kd~k (1.13)

And, using

~∇~kf(~k) =
∂f(~k)

∂E
~∇~kE(~k) =

∂f(~k)

∂E

h̄2~k

m∗
(1.14)

where E is the energy of state ~k, we obtain that the current density equals

~j =
−e2h̄2τ

2π2m∗2

∫
∂f(~k)

∂E
~k ~E~kd~k (1.15)

Now, using equation 1.10, we have

σdiff =
~j · ~E
~E2

=
−e2h̄2τ

2π2m∗2

∫
∂f(~k)

∂E

1

~E2
(~k ~E)2d~k (1.16)
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For sufficiently low temperatures the Fermi function is a step function, so we have

− ∂f(~k)

∂E
= −∂f(~k)

∂k

∂k

∂E
= δ(k − kF )

m∗

h̄2k
(1.17)

where δ is the Delta function, so

σdiff =
e2τ

2π2m∗

∫
δ(k − kF )

1

k

1

~E2
(~k ~E)2d~k (1.18)

We use now that (~k ~E)2/ ~E2 = k2 ~E2 cos2 θ, where θ is the polar angular coordinate,
and we have

σdiff =
e2τ

2π2m∗

∫
δ(k − kF )k cos2(θ)kdθdk =

e2τk2
F

2π2m∗

∫
cos2(θ)dθ =

e2τk2
F

2πm∗
(1.19)

The carrier density n in 2D is n = k2
F/(2π), so

σdiff =
e2τn

m∗
(1.20)

and the resistivity

ρdiff =
1

σdiff
=

m∗

e2τn
(1.21)

We have obtained, for the diffusive regime, a linear dependence of the conductance
on the carrier density. We can define eτ/m∗ as the mobility µ, such that σdiff = µen.

This result for the resistivity σdiff is the same one we get with the very simple assump-
tions of the Drude model (22). It assumes that the microscopic behaviour of electrons in
a metal can be described clasically treating the electrons as classic point particles with a
given mass m∗ and charge −e. The model considers that the only possible interactions of
the electrons are instantaneous collisions with the positively charged ions that form the
metal. If the average time between subsequent collisions is τ , this model gives the same
result as the one we obtained in equation 1.20 for the resistivity.
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1.3 Ballistic free-fermion model for the conductivity

When electrons are able to move in a medium without scattering, the conductivity can
become much larger than that predicted by this classic model. This negligible electrical
resistance to the flow of current is what we call ballistic transport. It happens when
the mean free path of the carriers is much longer than the relevant length scales of the
medium.

One may think that the resistance of a ballistic quantum wire, in which there are
not scattering events, should be zero. However, as we will see, it turns out that there
is a quantized limit for it. In this section we will derive an expression for the ballistic
resistance using the Landauer formalism. In the first subsection, we will calculate the
quantized value of the resistance for a single mode on the conductor. In subsection 1.3.2
we are going to calculate the number of modes in the conductor and thus obtain the
resistance dependence on the carrier density n and the width of the conductor w.

1.3.1 Landauer limit

In 1957, Rolf Landauer proposed that conduction in a quantum wire could be viewed
as a transmission problem (19). We are going to follow his formalism to calculate the
conductance of one mode of the ballistic conductor.

We treat the ballistic conductor as a conductor sandwiched between two reflectionless
reservoirs, source and drain, as shown in figure 1.3. The current flowing from the con-
ductor to the contacts is not reflected back into the conductor. Also, since the conductor
is ballistic, there is not reflection within the conductor.

Figure 1.3: Ballistic conductor con-
nected to a source and a drain.

We denote the applied voltage by
V , which is the voltage drop between
source and drain. We can relate it
to the electrochemical potentials µS and
µD.

V =
µS − µD
−e

(1.22)

If the width w of the conductor is small,
the energy levels inside it are discrete, as
for an infinite square potential well. The
two reservoirs can fill the states of the bal-
listic wire with k-vectors pointing away from the reservoir up to their respective elec-
trochemical potentials. When w is small, only a few modes are occupied in the ballistic
conductor. Electronic transport happens in discrete channels, each corresponding to one
of this energy levels, which we call transverse modes. We study now the conductance of
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one of this states.

We assume that electrons inside the conductor can exit into a wide contact with neg-
ligible probability of reflection. So the right (left) moving carriers come from the source
(drain) contact only. The current we want to calculate is

I = IS − ID (1.23)

where IS is the contribution of right-moving carriers coming from the source and ID
is the contribution of left-moving carriers coming from the drain. Now we consider right
moving states at first. Each mode is occupied according to the source distribution func-
tion fS(E), which we assume to be a Heaviside step function fS(E) = θ(µS − E). This
right-moving states carry a current of

IS = −e1

2

∫ inf

E=0

nS(E)vS(E)dE =
−e
2

∫ inf

E=0

fS(E)DS(E)vS(E)dE (1.24)

where DS(E) is the density of states in the source, vS(E) is the velocity correspond-
ing to the states and the 1

2
term comes from the fact that we are only considering right

moving carriers (half of the total).

The density of states has the following dependence on the velocity vS(E)

DS(E) =
1

πh̄

√
2m

E
=

1

πh̄
vS(E)−1 (1.25)

so we have that

IS =
−e
2πh̄

∫ inf

E=0

fS(E)dE =
−e
h

∫ inf

E=0

θS(µS − E)dE (1.26)

In the same way, for left-moving carriers

ID =
−e
h

∫ inf

E=0

θD(µD − E)dE (1.27)
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So, using equation 1.23 the total current is

I =
−e
h

∫ inf

E=0

(
θS(µS − E)− θD(µD − E)

)
dE =

−e
h

(µS − µD) (1.28)

And, using equation 1.22, we have

I =
e2

h

µS − µD
−e

=
e2

h
V (1.29)

So the conductance of one channel is

Gball(w) =
2e2

h
(1.30)

And, if the ballistic conductor has M available channels

Gball(w) =
2e2

h
M (1.31)

The corresponding resistance is

Rball(w) =
h

2e2
M−1 (1.32)

1.3.2 n and w dependence of the ballistic resistance

Now, we want to calculate the number of transverse modes M , which is the number of
Landauer’s open transition channels.

We can model the ballistic wire as an infinite square potential well of size w in the
transverse direction. The quantized energy levels for such a well are

EM =
M2π2h̄2

2mw2
(1.33)
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And the corresponding solutions for kM are

kM =
Mπ

w
(1.34)

So the number of occupied states up to the Fermi level kF is

M = Int

[
wkF
π

]
∼ wkF

π
(1.35)

If we substitute this value in equation 1.32, we obtain

Rball(w) =
h

2e2

π

wkF
(1.36)

In the case of graphene, since kF =
√
πn, we obtain that the dependence of the resis-

tance on the carrier density is

Rball(w) =
h

2e2

π

w
√
πn

(1.37)

Unlike in the diffusive regime, for which we saw that the resistance was proportional
to n−1, in the ballistic regime it is proportional to n−1/2. We are going to come back to
these different dependences later.

Miao et al. (2007) (23) and Danneau et al. (2008) (24) first probed the value h
2e2

of
the ballistic limit in graphene experimentally using a two-probe geometry.

In equation 1.35 we made the approximation of disregarding the Int[] because we as-
sumed w to be big compared to the Fermi wavelength of the carriers. However, when this
is not the case, the Int[] part is important and leads to a steps dependence of the number
of channels on the width w. This regime is called quantum ballistic transport. Interesting
experimental results in agreement with these predictions were first obtained by van Wees
and coworkers in 1988 (25) in a two-dimensional electron gas of a GaAs-AlGaAs. They
observed how the conductance changed in quantized steps of e2/(2h) when the width of
a quantum wire was varied using a gate. We can see their conductance data, obtained
from the measured resistance, substracting the lead resistance from it, in figure 1.4.



20 1.4. VISCOUS ELECTRON FLOW MODEL FOR THE CONDUCTIVITY

Figure 1.4: Quantized conductance. Conductance as a function of gate voltage that
shows plateaus at multiples of e2/(2h). The inset shows the configuration of the constric-
tion and the gate. Figure taken from (25).

The first experimental observation of quantized conductance at a graphene constric-
tion was published last year by Terrés and others (8).

1.4 Viscous electron flow model for the conductivity

In the previous models, electron-electron interactions were completely neglected. If we
take them into account, we see that electrons can move resembling a viscous fluid. This
happens when the momentum-conserving electron-electron scattering dominates over
other scattering processes. In this case, hydrodynamic models can be used to describe
the transport properties of the system (26; 27; 28; 29; 30; 31).

There are several studies of this hydrodynamic behaviour of the transport. For exam-
ple, in (27), Andreev and coworkers develop a hydrodynamic description of the resistivity
and magnetoresistance of an electron liquid. Also, in reference (30), Muller and coworkers
calculate the shear viscosity for undoped graphene.

Depending on the specific system and geometry, the treatment of the problem may
be different. For this reason we are going to focus on the hydrodynamic transport prop-
erties of a narrow constriction on a graphene sheet. In subsection 1.4.1 we will see why
the viscous or hydrodynamic regime can be enhanced in a graphene system. We will
briefly review recent macroscopic signatures of electron viscosity and, in the end, we will
present the specific predictions for the geometry we are interested in, based on the recent
theoretical results of Guo and coworkers at MIT (12).
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1.4.1 The viscous regime in graphene

Figure 1.5: le as a function of temperature.
The electron-electron mean free path le (in µm) in
a 2D massless Dirac fermion liquid is plotted as a
function of temperature T (in K). Different curves
refer to different values of the carrier density. Taken
from (26).

This last hydrodynamic regime
can be specially enhanced in
graphene (26). Theoretical stud-
ies predict a range of tempera-
tures and sample purity where
the electron-electron elastic mean
free path, le, is small compared
to the length scales over which
momentum conservation is vio-
lated (le < lei and le < lep).
Here lei denotes the mean free
path of electron-impurity scat-
tering and lep is the mean free
path for electron-phonon scatter-
ing.

In figure 1.5 we see a calcula-
tion of le for graphene as a func-
tion of temperature. We clearly
see that, for sufficiently large temperatures, it becomes much shorter than the typical
device size (L ∼ 1 − 10µm). At low temperatures and in the degenerate limit, the
electron-electron scattering rate goes as T 2 (le goes as T−2) (32). So we won’t have these
interactions at very low temperatures. Also, at high temperatures the phonon effects
start being relevant, but in graphene the time scale of electron-electron collisions can
be shorter than the electron-phonon scattering rate at certain temperatures. So we can
have the ingredients necessary to find an hydrodynamic behaviour of the electrons at an
intermediate range of temperatures; not very low, since we want to have electron-electron
interactions, but not very high, since we don’t want phonons that would make the system
be at the diffusive regime.

For most materials it is difficult to realise this hydrodynamic regime, since impurity
scattering also plays a role and makes even more difficult to get good conditions to en-
hance the viscous behaviour of the carriers. However, if we have high quality graphene,
encapsulated in hBN (see section 2.1), impurity scattering is highly reduced (7; 33).

There are several studies that extract effective hydrodynamic properties of the viscous
regime of graphene transport. In reference (26), for example, they apply hydrodynamic
models to the system of interacting electrons and extract the bulk and shear viscosities
that allow to describe the transport with the Navier-Stokes equation. Also, Müller and
coworkers calculate in (30) the shear viscosity for undoped graphene.
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Macroscopic signatures of this regime

During last year there have been several studies of macroscopic signatures of this elec-
tron viscosity. Here, we will do a very brief review of some of them, focusing specially on
graphene studies.

Figure 1.6: Current streamlines (white) and potential map. (a) For viscous flows
we see a backflow on the side of the main current path. This leads to negative voltage
drops. (b) For ohmic currents the electric flow follows the potential gradient. Figure
taken from (10).

Levitov and Falkovich, from MIT and Weizmann Institute, suggested a way to dis-
tinguish this regime by detecting the vorticity arising from viscous flows (10). In their
paper the study the relation of this vorticity with easily measurable transport properties
of the system and find that, for certain geometries, it can give rise to negative values of
the resistance. This happens because this vorticity can generate a backflow of electrical
current running against the applied electric field. This negative resistance response is
illustrated in figure 1.6.

This behaviour has actually already been seen experimentally in a very similar device
structure as the one suggested by Levitov and Falkovich. Bandurin and coworkers (11)
found that doped graphene exhibited a negative voltage drop near current injection con-
tacts. In figure 1.7 (b) and (c) we see an schematic of the specific device structure used
by them where the expected current flow and potential for viscous and ohmic behaviours
are shown.

For each n away from the CNP, they detected a negative voltage drop over a large
temperature range [figure 1.7 (a)]. This agrees with the fact that viscous regime domi-
nates at intermediate temperatures.
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Figure 1.7: Negative resistance caused by viscous electron backflow in
graphene. (a) Negative resistance measurements as a funciton of n and T . Calcu-
lated current and electric potential for (b) viscous and (c) ohmic electron fluids. Green
bars denote the contacts. Figure taken from (11).

Figure 1.8: Breakdown of the Wied-
mann Franz law in the Dirac fluid
regime. Figure taken from (9).

A completely different viewpoint to
find macorscopic signatures of viscosity
in graphene was suggested by Crossno
and coworkers (9). In this case,
they study the strogly interacting Dirac
system close to the charge neutrality
point in graphene, where both types
of carriers (electrons and holes) coex-
ist. When the carriers interact, the
charge and heat currents decouple and a
raise in the thermal conductivity is ex-
pected.

In their measurements, shown in 1.8,
they found this expected behaviour, again,
at a range of intermediate temperatures.
They compare the measured thermal con-
ductivity to that predicted by the Wiedmann-Franz (WF) law and they find a violation
of the WF law of more than one order of magnitude.

Conduction of viscous flows at a graphene constriction

Now, we want to study the viscous flow at a constriction in graphene, based on the theo-
retical predictions of a very recently published paper by Guo et al. (12) that studies the
crossover of the ballistic and hydrodynamic regimes. In figure 1.9 we can see how the
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current streamlines form a narrow stream avoiding the boundaries when carrier interac-
tions are considered. The following expression is derived in this paper

Rvisc(w) =
32η

π(ne)2w2
(1.38)

Figure 1.9: Current streamlines (black) and
potential colormap for viscous flow through
a constriction. Figure taken from (12).

It applies for the resistance of a con-
striction of width w in graphene in the
limit w � lee. Here, η denotes an ef-
fective electron viscosity. This expres-
sion is expected to hold for carrier den-
sities away from the charge neutrality
point.

In this work, we are interested in de-
tecting macroscopic signatures of this hy-
drodynamic behaviour at a graphene con-
striction by conventional transport tech-
niques. For this reason, it is important to
pay attention to the dependence of Rvisc

on parameters we can control, such as the
carrier density, the constriction width and
the temperature, and compare it to the predictions of the difussive and ballistic models.

We see that the viscous resistance decreases with width (w−2) faster the ballistic one
(w−1). For this reason, one possible way of distinguishing this regime experimentally
would be to study the conductance through a constriction in graphene as a function of
the constriction width. A linear dependence would indicate that transport is ballistic and
a quadratic dependence would indicate that it is hydrodynamic.

Furthermore, for each of the regimes we expect different carrier density dependences
away from the charge neutrality point. In order to extract the dependence of Rvisc on
the carrier density, we use the expression for η estimated in the paper

η =
1

4
vF lee(n)nm (1.39)

where vF is the Fermi energy, m is the carrier mass and lee is the electron-electron
interaction mean free path, which can further depend on the carrier density.

So we have
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Rvisc =
8vF lee(n)m

πne2w2
(1.40)

and Rvisc ∝ lee(n)n−1.

Another interesting result from (12) is the study of the ballistic-to-viscous crossover in
a graphene constriction. They calculate, from a microscopic model, a general expression
for the conductivity across such a constriction that holds for any ratio of the lengthscales
w and lee and they obtain a surprisingly simple additive relation

G = Gball +Gvisc (1.41)

Figure 1.10: Current distribution in the con-
striction. Figure taken from (12).

Where Gball is the Landauer’s limit
for the conductance that we obtained
in the previous section (equation 1.37).
This general expression interpolates be-
tween the two limits (the ballistic when
w � lee and the hydrodynamic when
w � lee) where each of the two terms
(Gball or Gvisc) dominate. In figure
1.10 we can see how the current distri-
bution is expected to change for differ-
ent carrier collision mean free path val-
ues.

Since lee(T ) depends strongly on the
temperature, both regimes are accessible
in a single constriction; the one that dominates will depend on the temperature and on
the size of the constriction. Transport is expected to be ballistic at T = 0. As we increase
T we should have a ballistic to viscous crossover, until we further increase the tempera-
ture and the phonon effects start being relevant. So hydrodynamics is expected to apply
over a certain temperature range.

We will try to detect a macroscopic signature of this regime by studying the temper-
ature dependence at a single carrier density value away from the CNP. We can consider
the total resistance of the constriction to be the sum of the ohmic and the non-ohmic
parts. The first is linear in temperature, as for a standard metal

Rohm(T ) = aT + b (1.42)
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where a and b are free parameters. The non-ohmic effect is due to the hydrodynamic
and ballistic channels

Rnon−ohm(T ) =
1

Gball(T ) +Gvisc(T )
(1.43)

Since the electron-electron scattering mean free path is proportional to T−2, then
Gvisc(T ) should be

Gvisc(w) ∝ lee(T )−1 ∝ T 2 (1.44)

So the total resistance should take the form

R(T ) = Rohm(T ) +Rnon−ohm(T ) = aT + b+
1

cT 2 + d
(1.45)

where a, b, c and d are fit parameters.

So, after considering the different contributions to the total resistance, we expect a
non-monotonic dependence on the temperature away from the CNP. If we didn’t have the
quadratic contribution from the hydrodanymic regime this dependence would be mono-
tonic.

Before moving to the second chapter, we summarize the dependence obtained for the
resistance at the constriction for the different regimes.

Rdiff ∝
ρdiff
w

=
m∗

we2τn
Rball =

h

2e2

π

w
√
πn

Rvisc =
8vF leem

πne2w2
(1.46)

• Carrier density dependence

The n dependence of the three resistances away from the charge neutrality point is

Rdiff ∝ n−1 Rball ∝ n−1/2 Rvisc ∝ n−1lee(n) (1.47)
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with a non-constant dependence of lee(n) on n. We will later use this result to check
that the constrictions are at a non-diffusive regime at low temperatures.

• Width dependence

The obtained dependence on w is

Rdiff ∝ w−1 Rball ∝ w−1 Rvisc ∝ w−2 (1.48)

This would be a good way of distinguishing the viscous regime from the other two.

• Temperature dependence

As we have seen, after considering the contribution from the three regimes to the to-
tal resistance we expect a non-monotonic temperature dependence that we wouldn’t
obtain without the contribution of the viscous regime.

R(T ) = aT + b+
1

cT 2 + d
(1.49)
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Chapter 2

Device fabrication

In order to study these effects, we fabricated high-quality graphene nano-constriction de-
vices, encapsulated in hexagonal boron nitride (hBN) to minimize disorder and with edge
1D-contacts to reduce the contact resistance. This short sentence summarizes hundreds
and hundreds of hours of work, so in the following sections I will try to explain with some
detail why and how we do each of the fabrication steps.

Figure 2.1: Schematic of the device
structure. Cr/Au contacts are shown in
yellow, the honeycomb lattice denotes the
graphene monolayer encapsulated with hBN
(blue).

We fabricate our devices on top of a
SiO2/Si substrate. In figure 2.1 we see
an schematic representation of the device
structure. The honeycomb lattice denotes
a graphene flake with a thickness of a single
atom. The blue surfaces are hBN that we
put both under and on top of the graphene
flake to encapsulate it. The first step is to
transfer these flakes on top of each other.
I will explain the encapsulation process in
section 2.1. After this, we use e-beam
lithography to define the constriction and
reactive ion etching to etch out the materi-
als. Simultaneously, we define the rectan-
gular shape of the devices and expose the
edge of the graphene layer in order to be
able to make electrical contact to it afterwards. The e-beam lithography and etching
techniques will be explained in sections 2.2 and 2.3.

The yellow parts of figure 2.1 are four metallic probes that contact the graphene flake
along its edge, for this reason they are called one-dimensional contacts (6). This config-
uration of contacts is called four-probe configuration. The two big contacts on the left
and rigth of the image are used to source a current across the constriction. With the two
smaller probes we measure the voltage drop. This way, we avoid having a contribution
from the contact resistance in our measurements and we can directly extract the conduc-
tance of the constriction. In section 2.4 will explain the advantages of one-dimensional
contacts and how to fabricate them.

29



30 2.1. ENCAPSULATION OF GRAPHENE IN HBN

Figure 2.2: AFM image of a 200nm constriction device.

In figure 2.2 we see the result of the fabrication process. The smooth surface indicates
that we have very clean graphene, free of residue bubbles that often apear after transfer-
ring the flakes. Furthermore, the edges, defined by e-beam lithography, are sharp, what
allows a precise knowledge of the constriction width and a higher similarity of the device
to the theoretical model.

After fabricating the devices, the last step before starting the measurements is mount-
ing them in a chip carrier and making electrical contact between the metallic probes and
the chip carrier. I will explain how to do this in section 2.5.

2.1 Encapsulation of graphene in hBN

Unlike most materials, graphene is all surface. Its atoms are completely exposed to its
environment without any interior bulk. What this means in practice is that graphene is
often strongly affected by its surroundings, even by the substrate it lays upon. Today, it’s
understood that silicon dioxide, the most common substrate used in nanophysics, limits
the performance of graphene devices and obscures interesting physics (7; 33). This is
thought to be caused by the roughness of the SiO2 substrates, which induce corrugations
in the graphene, as well as charge traps in the SiO2 which results in inhomogeneous dop-
ing.

In order to avoid this, one of the first steps of the fabrication process is encapsulating
a graphene monolayer between two hBN multilayer flakes. This way, graphene is not in
contact to the silicon dioxide and it is also protected from atmosphere. In this project, the
sizes of the graphene flakes used are about 15×15µm and the sizes of the hBN are slightly
larger in order to completely cover the graphene. The thicknesses of bottom hBN used
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range from 30 to 50 nm in this project. The top hBN is usually thinner, from 10 to 20 nm.

2.1.1 Why hexagonal boron nitride?

Hexagonal boron nitride is widely used in nanotechnology, specially when combined with
graphene. It is a compound made of equal numbers of boron and nitrogen atoms arranged
in a honeycomb similar to the graphene structure, but alternating N and B atoms. It is
considered a two-dimensional material, since the sp2 in-plane bonds are covalent, while
the off-plane interactions are weak van der Waals forces that maintain the layers together.

Figure 2.3: Graphene flake on
hBN substrate. Here, car-
bon atoms are represented by grey
spheres, boron is shown in yellow,
and nitrogen in purple.

hBN is a very good option for being used both
as a substrate and as a protection to graphene due
to three special characteristics: it is a very flat and
inert material, and it has good dielectric properties
compared to other substrates. First, its chemical
stability makes it a good option for creating a pro-
tective cover on top of the graphene device that we
want to study. This way, the quality of the graphene
flakes is not deteriorated under ambient conditions
and we can keep them safe to carry out new mea-
surements in the future. Second, h-BN is atomi-
cally flat and has a lattice constant similar to that
of graphite, so graphene flakes can adapt very well
to it and be free of wrinkles or distortions, unlike
when the substrate is a different material, as SiO2.
And third, h-BN has a large electrical bandgap of
almost 6 eV (34) and it has good dielectric prop-
erties (ε ∼ 3 − 4 and Vbreakdown ∼ 0.1 Vnm−1). This allows us to use it as a back-gate
dielectric without loss of functionality. We can use this back-gate to tune the carrier
density in the graphene flake.

Dean and coworkers were the first in using h-BN as a substrate in 2010 (7). They
encapsulated graphene in h-BN and saw that the electronic properties of graphene were
much better than with other substrates. Until that moment, graphene devices on stan-
dard SiO2 were highly disordered, exhibiting characteristics that were far inferior to the
expected intrinsic properties of graphene. In the same paper they also compared the
roughness of graphene on h-BN and on the typical SiO2 substrate and they showed that
the former is three times smaller. In 2011 Xue and coworkers (33) showed, by local
spectroscopy measurements, that the electron–hole charge fluctuations of graphene on a
hBN substrate are reduced by two orders of magnitude as compared with those on silicon
oxide. This charge fluctuations are as small as in suspended graphene.

This two works attracted attention to hBN as a substrate and initiated the develop-
ment of transfer techniques that now, only six years later, are widely used in nanophysics
research.
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2.1.2 Technique for transferring flakes

In order to encapsulate the flake of graphene we need to do several transfer steps. We
start with flakes of graphene and h-BN mechanically exfoliated on a piece of SiO2/Si
wafer. We need to look for flakes of the desired thicknesses and sizes and then place them
on top of each other and do this aligning them with micrometer accuracy. In figure 2.5
we can see three flakes on SiO2 substrate ready to be transferred.

Figure 2.4: Schematic transfer tech-
niques. (a) to (f) Wet-transfer technique.
(g) to (o) Pick-up and transfer technique.
Image taken from (35).

There are two main mechanical assem-
bly techniques for doing so, which are
nicely explained in the van der Waals
heterostructures review by Novoselov et
al. (35), from were I took the ex-
planation figure 2.4. The first tech-
nique [figure 2.4, A to F] is the one
first used in Dean et al.’s work (7). It
consists of exfoliating a flake of a two-
dimensional crystal on a sacrificial mem-
brane, putting it upside down, align-
ing and placing it on another flake.
Then, the membrane can be removed
using a solvent. If we want to de-
posit more than one flake we can re-
peat the process, annealing after each
transfer in order to try to minimize
the residues left between different lay-
ers.

A considerably cleaner method that
doesn’t leave polymer residues between
layers, the pick-up and transfer tech-
nique [figure 2.4, G to O] was developed
by Wang et al. in 2013 (6). It is based
on strong van der Waals interactions that
exist between the crystals. When the poly-
mer membrane with a 2D crystal on it is
brought into contact with another 2D crys-
tal, it is not dissolved and removed. Instead, it is lifted up to pick up the second flake
together with the one that was already on the polymer. The second flake sticks to the
first and is lifted together with it. The process can be repeated several times. A critical
feature of this technique is that the interfaces do not contact any polymer throughout
the process, reducing impurities trapped between the layers. This technique results in
clean interfaces over large areas and yet higher electron mobility.
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For this project, the second method was used. The polymer membrane is made of
polycarbonate (PC). We first use it to pick an isolated fewlayer h-BN flake (the top one)
[figure 2.5 (a)]. Then, this flake is used as a stamp to pick up a flake of monolayer
graphene [figure 2.5 (b)]. Finally, we align with a new few-layer h-BN flake (the bottom
one) [figure 2.5 (c)] and the previous layers are transferred on top of it.

Figure 2.5: Optical image of exfoliated materials. Exfoliated flakes of hBN ((a)
and (c)) and graphene (b) on top of an SiO2 substrate. Top hBN (a) is thinner (20 nm)
than bottom hBN (c) (32 nm).

Figure 2.6: Assembled stack. Graphene
encapsulated between two hBN flakes. The
shape of each flake is indicated with dotted
lines for clarity.

This method is much faster than the
previous one. Even so, each step is quite
laborious and must be done at a specific
temperature and carefully following some
steps. An adequate temperature for pick-
ing up the first flake is 90 or 100 oC. A good
way of doing it is increasing the tempera-
ture after the PC is fully in contact with
the flake. This way the polymer will be-
come softer and adapt to the shape of the
flake. Then, the temperature is lowered
and the polymer is slowly lifted, taking the
flake with if. For the pick up of the second
flake it is enough with going to 60 oC or
less, since PC doesn’t play an important
role during this step. This can actually be
done even at room temperature. Finally,
for the transfer of the full stack, we must
melt the polymer. We do this by raising the temperature to 160 or 170 oC. Afterwards,
we dissolve the PC on top of the stack using chloroform.

In figure 2.6 we can see the result from the stacking process of the three flakes shown
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in figure 2.5. We see that the three materials are well aligned on top of each other. Even
with a high-precision transfer setup it is frequent that the resulting stack has several bub-
bles between different layers and sometimes also wrinkles in the top layer. In figure 2.7 we
see an AFM image of the stack of figure 2.6. The result can be improved heat-annealing
the sample after finishing the transfer process. Usually, after heat-annealing the samples
at 350oC under vacuum we observe a decrease in the number of bubbles and residues on
top of the stack. It is very difficult, however, to have a perfect stack without bubbles or
wrinkles. We always do AFM after transferring in order to select the smoother areas of
the stack to fabricate the devices.

Figure 2.7: AFM image of a stack just after transferring. We observe some bubbles
and residue. These can be highly reduced by annealing the sample. The shape of each
flake is indicated with dotted lines for clarity.

2.2 Electron-beam lithography

In order to pattern the shapes of both the constriction and the contacts we use e-beam
lithography. The full process consists of first coating the substrate with resist [subsection
2.2.1], then illuminating some areas of the resist with an electron beam to locally change
its chemical structure and properties [subsection 2.2.2] and finally develop the exposed
areas to create a resist mask on top of the sample [subsection 2.2.3]. This mask can later
be used either to etch out the part of the materials that we want to remove (to create the
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constriction for example) or to metallize the exposed surface to create metallic contacts.

The final step is a lift-off process. It consists in dissolving the resist and excess ma-
terial on top of it (in the case that we have carried out metallization after developing),
leaving the desired device structures on the sample.

In figure 2.8 we see an explanation of this process step by step for the case in which
we do metal evaporation after developing.

Figure 2.8: E-beam lithography. We start with a substrate with the stack of flakes.
We apply two resist layers ((a) and (b)) and write the pattern with an electron beam
(c). Afterwards, the exposed area is developed (d) and the result is a resist mask that
can be used for deposition of metals (e) or for etching. Lift-off is the last step of the
process (f).

2.2.1 Resist application

The first step is the application of a thin layer of a electronsensitive polymer, usually called
resist, over the full surface of the silicon chip. In our case we have used Poly(methyl
methacrylate) (PMMA), but there are some other options available. This polymer is
stored in the lab solved in anisole. We have solutions with different concentrations and
molecular weights.

To apply the resist, some droplets of the resist solution are put on top of the sample.
The chip is then rotated at high speed for around one minute. The spinning speed and
the viscosity of the solution determine the thickness of the resist layer, which is usually
of the order of 1 µm.

In order to facilitate the lift-off process afterwards, we use a double layer of PMMA.
The specific recipe used for this project consisted of, first, applying a layer of 495 A4
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PMMA, by spinning it at 2000 rmp for 60 seconds, and bake it at 180oC for 5 minutes
and, second, applying a layer of 950 A5 PMMA, by spinning it at 3000 rmp on top of the
previous layer for 60 seconds, and bake it at 180oC again for 5 minutes. These two steps
correspond to figures 2.8 (a) and (b).

The 4 and 5 in A4 and A5 are the percentage of PMMA in the solutions. The A is
the solvent: anisole. 459 and 950 indicate the molecular weights of the polymer in each
of the solutions. In general, the higher the molecular weight, the slower it will dissolve
in a solvent developer (36; 37). After exposure (molecular chain scission), the develop
contrast between the exposed and unexposed regions of the film becomes higher as MW
increases. In our case, the 950 PMMA layer is on top, it gives in high resolution of the
patterns, defined by the focused electron beam. Usually, when the electrons arrive to the
sample surface, they scatter both ellastically and inellastically in the substrate and sec-
ondary electrons are generated, which have a larger cross section for resist illumination.
The slightly more sensitive bottom layer of low molecular weight PMMA is illuminated
by these electrons, giving a slight undercut in the profile. In figure 2.8 (c) we see the
expected exposed areas of each of the resist layers.

2.2.2 Resist exposure

There are two main techniques used to define patterns in the resist: optical lithography
and electron beam lithography.

Figure 2.9: Electron-beam
lithography tool. Elionix FS-125
tool used for resist illumination in
this project.

For optical lithography, instead of using
PMMA, it is necessary to use a photosensitive
resist. The illumination of the resist is made
by visible or UV light, using a pre-created mask
that contains the features to be illuminated, and
the pattern sizes are Doppler-limited to around
100 nm. This resolution is not enough for
the size of the constrictions we want to pat-
tern. In principle, the resolution could be in-
creased by using shorter wavelengths, like X-
rays, but for feature sizes below 150 nm, elec-
tron beam lithography is currently the technique
of choice.

In e-beam lithography, a focused electron
beam is scanned in a predefined pattern across the
sample. This is done inside a high vacuum cham-
ber, the electron beam passes through some reflec-
tion coils before arriving to the sample. The pattern
generator drives these coils and makes the beam fo-
cus on the desired spots on the sample. The beam
breaks the bonds between the monomers of PMMA,
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resultig in an increase in solubility of the resist in the exposed areas. The structure sizes
can be of the order of tens of nanometers or less. In figure 2.8 (c) we see the result of
this step.

2.2.3 Developing process

After illumination, some parts of the resist have changed their solubility properties. By
immersing the sample in a solvent we can remove the exposed regions, as shown in figure
2.8 (d). This step is called development.

This can be done at room temperature using a 2:1 IPA:MIBK solution during around
90 seconds. However, in order to make the development more precise, we have followed
the recipe for cold development at 0oC. It consists of submerging the sample in a 3:1
IPA:water solution in an ice bath for around 90 seconds and immediately afterwards
place it inside IPA to stop development. Here, the development agent is water. In figure
2.10 (a) we can see the result of development of the etching design.

2.3 Etching

Patterned resist can be used as an etching mask, provided the resist layer is thick enough
and the etchant is sufficiently selective. We distinguish two main groups of etching meth-
ods: dry etching and wet chemical etching (21).

For the dry etching techniques the sample is placed inside a vacuum chamber, it
constitutes the anode or the catode, and another electrode is place on top of it. After
this, a gas is ionized inside the chamber and the ions hit the sample. The etching of
the sample can be produced by chemical reactions with the ions (plasma etching), purely
by the physical collision of the accelerated ions with the sample (ion etching) or by a
combination of both aspects (reactive ion etching).

For the wet chemical etching techniques, the sample is placed inside a etchant
solution, typically a mixture of an oxidizer and an acid. For these techniques the etching
is isotropic, in contrast to dry etching, where the ions hit the sample vertically.

In our case, we have used reactive ion etching. A good combination of gases to etch
hBN and the thin graphene flake encapsulated on it is O2, Ar and CHF3. By running
the etch process for around one minute the entire multilevel stack is etched. In figure
2.10 (b) we see how the sample looks after etching and lift-off of the resist mask. For this
specific sample, we have fabricated five devices with different constriction widths. Each
of the five rectangles in the image is one of the devices. The constrictions are very thin
and therefore difficult to see in the optical images.
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Figure 2.10: Etching. (a) Sample just after having developed the illuminated pattern
in the resist, ready for the etching process. (b) Same sample after etching and lift-off of
the resist. The dotted lines indicate the position and shape of the stacked flakes.

Figure 2.11: Device dimensions. The
etched constriction widths range from 200
nm to 700 nm.

We usually fabricated from three to
six devices per stack, one of them always
without constriction, in order to be able
to compare our measurements to what we
would expect for a normal diffusive flow of
the electrons. As we see in the design of
figure 2.10, we don’t expose for etching the
whole area of the stack around the devices,
since the bigger the area we illuminate the
higher the amount of secondary electrons
will be. By minimising the area we illumi-
nate, we increase the high definition of the
small features we want to achieve. The
long features that go from the devices to
the edges of the stack in the design are
etched in order to separate different con-
tacts that will be fabricated afterwards and to avoid them from shorting with each other.
The constriction widths range from 200 to 700 nm for all the devices. In figure 2.11 we
can see the standard dimensions of the devices fabricated. The grey area is the top-view
of the multilayer stack after having etched out the surroundings and the constriction to
define its shape.

2.4 One-dimensional contacts

After defining the shape of the device, we want to contact it with metallic probes to be
able to carry out electrical measurements to it.
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The classic way of doing this, when the graphene flake is not encapsulated and it is
exposed to the air, is to place the metallic probes on top of the flake, thus contacting
the graphene on a two-dimensional area. This procedure of metalizing the 2D surface of
graphene can give rise to an elevated contact resistance, since the pi orbitals of graphene
are strongly hybridized and the material lacks surface contact sites. Also, residues of the
polymers used during both the transfer and lithography steps can stay at the graphene
surface, deteriorating even more the electrical contacts.

In 2013, a new method for making good electrical contact to encapsulated 2D layers
was reported (6). Since then, this method has been widely used in the 2D materials com-
munity, giving raise to higher quality measurements, new device structures and higher
mobilities in graphene. It consists of metallizing only the 1D edge of the flake after hav-
ing encapsulated it [figure 2.12]. This method allows a complete separation of the layer
assembly and contact metallization processes.

Figure 2.12: Schematic of the fabrication of one-dimensional edge contacts. (a)
Graphene (in grey) is encapsulated in hBN (in blue). The stack is placed on a Si/SiO2

wafer. (b) Application of the resist PMMA on top of the wafer containing the stack.
(c) E-beam lithography definition of the contact shape. (d) Etching of the flackes. (e)
Metalization. The metal is also deposited on top of the resist layer, it is not shown in this
scheme for simplicity. After this step the resist is removed and the metal makes electrical
contact to the edge of the graphene flake.

In our case, we have used edge one-dimensional contacts consisting of a thin (0.8 nm)
layer of chromium and a thicker (∼70 nm, depending on the device thickness) layer of
gold. Chromium is necessary for the probes to stick to the SiO2 surface. However, it
oxidises rapidly once it is exposed to the atmosphere. This is why we cover it with gold.
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Gold alone wouldn’t stick properly to the substrate.

The fabrication process is as follows. We first define the shape of the contacts with
e-beam lithography, everything is protected by PMMA but the region were we want to
put the contacts. The ends of the contacts overlap slightly (some nanometers) with our
device). After this, we do an etching step and remove the small part of the stack that
is not covered by the resist, exposing the edge of graphene. Finally, we metalize the
non-covered surface with chromium and gold, as explained in the following subsection.

In figure 2.13 we see how one of the samples looks before and after evaporation. In
figure 2.13 (a) the resist has already been applied and the contacts pattern has already
been written by e-beam lithography and developed, exposing the desired area of the chip
surface. The immediate next step is metallazing the full surface of the sample. Then,
the chip is submerged in acetone for several hours, where the resist dissolves. The result
is shown in figure 2.13 (b).

Figure 2.13: Metal deposition. (a) Sample ready for metal deposition. (b) Same
sample after metal deposition and lift-off of the resist.

2.4.1 Metal deposition techniques

The metallization process is the deposition of metal films on the surface of the sample.
The sample is placed inside a high-vacuum chamber, upside down and in thermal contact
with constant flow of cold water that maintains it at room temperature. The metal is
placed under it, at a distance of 30-60 cm, and is evaporated. The evaporated metal
arrives to the sample at a precisely selected rate and solidifies again creating a thin film
over the sample surface.

Depending on the way of evaporating (or subliming) the metal we distinguish two
main types of evaporation techniques: thermal evaporation and e-beam evaporation.
For the the first one, the material is heated flowing a high current across it or across
a crucible in which it is placed, depending on the material. This way, the temperature
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is increased until it is high enough to have a sufficiently high metal vapour pressure for
the desired deposition rate. For the e-beam vapour deposition, a crucible containing
the metal is bombarded with an electron beam. The focused beam causes the surface
atoms to leave the metal and transform into the gaseous phase. The metal atoms then
precipitate on the sample surface creating a thin layer. The whole system is kept in a
vacuum deposition chamber to allow the particles to travel as freely as possible following
a straight line and to reduce the incorporation of impurities.

Figure 2.14: Schematic of the
evaporation system.

The rate of grow of the metallic film on
the sample surface is of the order of an
angstrom per second. It can be precisely mon-
itorized using an oscillating quartz microbal-
ance. As the metal is deposited on the sam-
ple it is also deposited on the microbalance
and changes its resonance frequency. The re-
lation of the resonant frequency to the thick-
ness of deposited metal can be precisely cali-
brated. In figure 2.14 we can see an scheme
of a general evaporation system where the sub-
strate, metal and microbalance positions are
indicated. In figure 2.15 we see a picture
of one of the evaporators used during this
project, together with pictures of the sam-
ple stage just before and after metal evapora-
tion.

Figure 2.15: Thermal evaporator system. (a) Picture of the evaporator. (b) and
(c) Sample mounted on the sample holder just before (b) and after (c) evaporation.
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2.5 Wire-bonding and chip carrier mounting.

After having the devices ready it is necessary to mount them on a chip carrier and bond
wires to the lead pads in order to make electrical contact between the carrier and the
chip and be able to carry out electrical measurements with conventional instruments.

Figure 2.16: Different models of ceramic chip carriers. Image taken from Global
chip materials website.

Each measurement system is compatible with a different type of chip carrier, so we
must know what system we are going to use before fixing the sample to the chip carrier.
In figure 2.16 we can see different examples of chip carriers.

In our case, most of the times we used the 4He 1K system, so the chip carrier we
needed was the one showed in figure 2.17 (a). In order to securely fix the sample to the
chip we use cryogenic silver paint, a conductive adhesive that maintains its properties
even at extremely low pressures and temperatures. The silver colour product close to the
top part of the chip in figure 2.17 (a) are remains of silver paint used to fix another chip
that was previously mounted on this chip carrier.

After fixing the sample and waiting for some minutes for the silver paint to dry, we
wire-bond the sample to the pads of the chip carrier. In order to do this, there are to
widely used techniques; ball bonding and wedge bonding (21). In the first case, the tip
of a gold wire is locally melted and connected to the bond pad on the chip. We use
the second technique; in this case the wire is pressed against the bond pad and rubbed
against it at ultrasonic frequency. The materials are locally melted and they fix together.
In our case, we have used aluminium wire. In figure 2.17 (b) we can see a close picture of
the connections between the wires and the contacts patterned on the chip. In figure 2.18
we show a step-by-step explanation of wedge bonding taken from (21). In figure 2.19 we
can see a picture of the tip of the wire-bonder used in this project.



CHAPTER 2. DEVICE FABRICATION 43

Figure 2.17: Bonded sample on the chip carrier. (a) The chip is fixed using silver
paint and wire-bonded to the carrier. (b) Connection between the pads of the gold leads
and the aluminium wires.

Figure 2.18: Wedge bonding. (a) The wire-bonder tip containing the wire is positioned
on top of the bond pad of the sample. (b) The wire is wedged onto the bond pad and
the tip is retracted with the wire clamp open. (c) The second bond is performed on the
pad integrated in the chip carrier. (d) The tip retracts with the clamp closed and the
wire breaks behind the second wedge. Image and caption taken from (21).
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Figure 2.19: Wire-bonder tip.



Chapter 3

Measurements and results

In this chapter we will see how to measure the devices after having fabricated them (see
chapter 2). We decide what measurements to do based on the expressions found in chap-
ter 1 [equation 1.46].

Since most of the measurements are carried out at low temperatures, we first explain
the properties of liquid helium and the working principles of the cryogenic system we
will use [section 3.1]. After this, in section 3.2, I will talk about the four probe configu-
ration of the contacts on the devices. Then, we will see how the device is connected to
the instruments and what the measurement setup we use [section 3.3]. We measure the
conductance as a function of carrier density and temperature for different devices with
different constriction widths. These measurements are explained in section 3.4. The com-
ments on the conclusions that can be extracted from our measurements and on further
studies that could be done or have already been done are left for next chapter.

3.1 Cryogenics

In order to do very low temperature measurements, the main ingredient is helium, the
only element that remains liquid when cooled down well below 1 mK, at atmospheric
pressure. All other substances solidify at temperatures higher than 10 K. Nitrogen can
also be used as the refrigeration medium for measurements at temperatures higher than
77 K, its condensation temperature. However, most of the mesoscopic transport exper-
iments are carried out at temperatures lower than this, so helium is usually the chosen
element for cryogenics.

The cooling power comes from the latent heat that has to be paid for the evapora-
tion of liquid helium. But depending on the helium isotope, the specific properties of
the liquid and the temperatures we can arrive to are different. For this reason, before
explaining how to use this element for cooling, I want to make a quick introduction on
its special properties.

45
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3.1.1 Properties of liquid helium

There are two stable isotopes of helium: 3He (fermion) and 4He (boson), the most com-
mon. Their boiling point temperatures at atmospheric pressure are respectively 3.2 K
and 4.2 K (38).

Figure 3.1: Phase diagram of
helium-4. Image taken from
http://ltl.tkk.fi/research/theory/helium.html

In figure 3.1 we show the phase
diagram of 4He at low temperatures.
The vapour pressure drops approxi-
mately exponentially as the liquid gets
colder (line between yellog and green
regions). In the yellow region, he-
lium behaves as an ordinary liquid.
However, when we lower the temper-
ature and cross the so-called λ line,
helium-4 undergoes a phase transition
similar to a Bose-Einstein condensa-
tion. In this superfluid phase, a
macroscopic fraction of the atoms is
in the lowest-energy one-particle state.
This superfluid has zero entropy and
viscosity. The liquid has a phase
transition to this phase at the tem-
perature of 2.17 K (at vapour pres-
sure).

Figure 3.2: Phase diagram of helium-3. Note the logarith-
mic temperature scale. hTe dot in the lower right hand corner
denotes room temperature and pressure. Image taken from
http://ltl.tkk.fi/research/theory/helium.html

The second isotope,
helium-3, also becomes
a superfluid at low tem-
peratures, but because
of a different reason.
In this case, the atoms
are fermions and no
more than one can be
in the ground state.
The superfluidity arises
from the formation of
Cooper pairs, weakly
bound pairs of atoms
that behave as bosons.
In the superfluid state
there is a macroscopic
occupation of a single
Cooper pair state. In
figure 3.2 we show the
phase diagram of 3He.
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We see that this superfuid phase is stable at very low temperatures, so for practical
cryogenic purposes, it behaves as an ordinary liquid. Helium-3 is almost completely ab-
sent on Earth and its production is expensive, so all helium-3 cryostats keep it in a closed
cycle.

3.1.2 1 kelvin 4He cryostat

Figure 3.3: Can of
the cryogenic mea-
surement system.

For this project we have used a measurement system that makes
use of liquid helium-4 and that can easily go to temperatures of
around 1 K.

The simplest helium cryostat is just a dewar of liq-
uid 4He at atmospheric pressure and thermally decoupled
from the environment. The samples to be measured are
immersed in the liquid. This is called a bath cryostat
and maintains the devices at 4.2 K. Maintaining the tem-
perature causes some liquid helium to evaporate, so it is
necessary to allow the excess He gas to leave the de-
war. In our case, we have an helium recovery sys-
tem that collects all the evaporated helium and reliquifies
it again in order to use it afterwards for new measure-
ments.

In order to lower the temperature further than 4 K, one
could think of decreasing the pressure inside the dewar, de-
creasing as a consequence the vapor pressure of the liquid and
its temperature. However, this would be very inefficient, since
a high percentage of the liquid should evaporate. Instead,
it is common to locally lower the temperature using a 1K-
pot.

In order to attain temperatures of around 1 K, our
system has a 1K-pot. It is a small vessel inside the
can immersed in the dewar. It is filled with liquid he-
lium and has a small capillary that extends from its in-
terior into the primary liquid helium bath of the de-
war, in order to constantly refill it. Since its size is
much smaller than the full dewar volume, it is feasi-
ble to decrease its pressure making its temperature lower
than 4 K. The small 1K-pot is connected to a vacuum
pump; this way, the more energetic molecules that evap-
orate out of the liquid are pumped away and the re-
maining liquid cools down. This technique is known
as evaporative cooling and locally lowers the tempera-
ture around the 1K-pot. The device to be measured
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must be well thermally coupled to the pot in order to
achieve these low temperatures reach the sample posi-
tion.

In figure 3.3 we see the can of the measurement system used. (A) is the 1K-pot, that
is connected to the liquid helium of the dewar (E) through a narrow capillary (D). (B)
is the tube used to pump out the excess helium gas. The sample position is indicated by
(C). The area (F) is usually under high vacuum or filled with a small amount of inert
exchange gas (around 2 Torr) to thermally couple the interior to the bath.

3.2 Four-probe configuration

In the previous chapter we saw how to fabricate a constriction device with four metallic
contacts. However, it wasn’t explained yet why the device design contains four probes
instead of only two.

Figure 3.4: Schematic of the different measurement configurations.

Since we want to measure the conductance, we need to know both the current that
flows through the constriction and the voltage drop across it. This can be done in a
two-probe configuration. In this simple case the voltage drop is measured between
the two same probes that are used to source current to the sample. In the diagram shown
in figure 3.4, if we source the current between the wires A1 and B1, this configuration
would correspond to measuring the voltage drop between A1 and B1 too. However, this
has a clear disadvantage; the resistance measured would be the addition of the sample re-
sistance plus the two wires resistances plus the resistance of the contacts between probes
and sample (denoted by CA and CB).

In order to improve this disadvantages we could use a quasi four-probe configu-
ration. In this case the device structure is the same but two new wires are connected
to the two wires that source the current, close to the device. This way, the wire resis-
tance is eliminated from the measurement, but not the contribution of the resistance of
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the contact to the sample. In figure 3.4 this corresponds to measuring the voltage drop
between A2 and B2.

However, the best configuration to measure only the device resistance is a real four-
probe configuration, where the contacts that we use to source the current and the ones
that detect the voltage drop are different. In this case, if the current flows between A1
and B1, the voltage drop is measured between A3 and B3.

This last configuration is the one we use for the constriction devices. In our measure-
ments, the two big contacts at the sides of the device are used to source a well controlled
current and to monitor it and the two small probes are used to measure the voltage drop
trying to affect the system as little as possible.

3.3 Electronic instruments and setup

We have carried out both AC an DC measurements on the constriction devices.

In both cases, the setup is almost equivalent. Since both the AC and the DC sources
we have are voltage sources, we include a resistor after them in order to control the cur-
rent we source. The resistance of this resistor must be some orders of magnitude higher
than the estimated resistance of the device if we don’t want the current value to change
when the device resistance changes. In our case, we included a resistor of 100 MΩ, since
the normal resistances for our devices are of the order of 1 to 10 kΩ. If we set the volt-
age source to a voltage value V , the current we source to the device will be I = V/100MΩ.

Figure 3.5: Measurement setup for DC measurements.
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In figure 3.5 we can see an scheme of the setup for DC measurements. In this
case we have used a Keithley 2400 Sourcemeter (together with the resistor) as a cur-
rent source. With this instrument we can both set a voltage and monitor the current
we are sourcing. However, its sensitivity for measuring the current is not very high for
the current levels we work with (the lower noise level is of the order of 10−11 − 10−10).
For this reason, we include a current amplifier and a Keithley 2000 digital multimeter
between the other part of the device and the ground to measure with a higher sensitivity
the actual current we are sourcing. To measure the voltage drop we use another Keithley
2000 digital multimeter connected to the two small probes.

For the AC measurements we have used two Stanford SR830 Lock-In Amplifiers.
In figure 3.6 we can see an scheme of the setup. We use one of the lockins to both source
the current and monitor it and the other to measure the voltage drop.

Figure 3.6: Measurement setup for AC measurements.

Apart from these instruments, both for AC and DC measurements we have used an-
other Keithley 2400 Sourcemeter to set the back gate and tune the doping of graphene.
In our case, the silicon chip itsel is the global back gate. The silicon wafer we use is
highly p-doped and has a 285 nm layer of thermally grown SiO2 on top. The doped Si
is our back gate and the SiO2, together with the hBN flake, act as the dielectric that
separates the gate from the graphene monolayer. When a gate voltage is applied with
the Keithley to the doped Si, it generates an electric field that attracts or repels charge
carriers on the graphene, therefore changing its charge carrier density. The range of back
gate voltages we usually use goes from -20V to 20V approximately, even if sometimes we
tone it to higher values.
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3.4 Low temperature measurements and data treat-

ment

After checking that the proper connection of the contacts to the sample (there are usually
some that dont work properly) we select the devices that had the four probes connected
and carry out the measurements at low temperature.

Graphene usually has some intrinsic doping by itself, so the CNP is not exactly at zero
back gate. In order to identify the position of the CNP, we start by doing some back-gate
sweeps. These measurements will be presented in subsection 3.4.1. From these data, we
can study the dependence of the resistance on the carrier density to compare it with the
predictions presented in chapter 1. This will be done in subsection 3.4.2. Finally, as we
said in chapter 1, it is interesting to study the temperature dependence of this resistance.
This will be done in subsection 3.4.3.

3.4.1 Identification of the charge neutrality point of graphene

Figure 3.7: Resistance as a function of the back
gate voltage. For a device of w = 600 nm. At 4 K.

The first measurement we did for
each of the devices was a back
gate sweep at low temperature to
identify the position of the Dirac
peak. In figure 3.7 we see an
example of one of this measure-
ments, carried out at 4 K, for a
device with w = 600 nm. The
plot represents the resistance as a
function of the back-gate voltage.
We sourced a current of 50nA,
and monitored it to know its ex-
act value. We measured the volt-
age drop with the two small leads.
The value of the resistance was
calculated by dividing these two
quantities. In this case, we see
that the maximum resistance is at
Vbg = 0, so the graphene didn’t have any intrinsic doping by itself.

As to the carrier density n, we estimated its value from the value of the applied back
gate Vbg using a simple capacitance relation. We consider the bottom hBN, together with
the SiO2 of the wafer, as the dielectric of a parallel plate capacitor. The carrier density
is the charge Q that builds up in one side of the capacitor, the graphene, divided by its
surface S and the elementary charge e.
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n =
Q

Se
=
CVbg
Se

(3.1)

Where C is the capacitance of SiO2 plus hBN. Their dielectric constants are very
similar, and equal to ε = 3.8. So the capacitance is

C =
εε0S

dSiO2 + dhBN
(3.2)

Where ε0 = 8.854 · 10−12F/m is the vacuum permitivity and dSiO2 and dhBN are the
thicknesses of SiO2 and hBN, respectively.

The thickness of the bottom hBN for this device was estimated to be dhBN = 68 nm
using tapping mode AFM. For the silicon wafers we use, the thickness of the oxide layer
is dSiO2 = 285 nm. So the value of the capacitance is, for this case,

C =
8.854 · 10−12 · 3.8
(285 + 68) · 10−9

S = 9.53 · 10−5S (3.3)

And the carrier density, in m−2, is

n =
CVbg
eS

=
9.53 · 10−5

1.6 · 10−19
Vbg = 5.957 · 1014Vbg (3.4)

Figure 3.8: Resistance as a function of the car-
rier density. Same data as in figure 3.7.

where Vbg is expressed in
volts. In figure 3.8 we see
a plot of the same data as
in figure 3.7, but now as a
function of the carrier den-
sity.

From these type of mea-
surements we can extract ap-
proximate values of the mobil-
ity µ of the graphene we are
using. We do this using the
procedure explained in reference
(39):
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µ =
L

WC

∂G

∂Vbg
; (3.5)

Where W and L are the dimensions of the device. In order to calculate the mobility
it is necessary to obtain the derivative ∂G/∂Vbg. To reduce the effects of the noise when
calculating this derivative numerically, we first smooth the data by averaging 10 points.
We obtain values of the mobility that range from 104 to 105 cm2V−1s−1. The high mo-
bility we extract reinforces the fact that we have low-disorder graphene.

3.4.2 Carrier density dependence of the resistance

We have carried out the same measurements at different temperatures. We plot the mea-
surements for a device with constriction width of 600 nm in figure 3.9 (a), the blue lines
denote the lower temperatures. We now pay attention to the carrier density dependence
of these curves. As we said in chapter 1, we expect these behaviours for the different
regimes (equation 1.47):

Rdiff ∝ n−1 Rball ∝ n−1/2 Rvisc ∝ n−1lee(n) (3.6)

Figure 3.9: Resistance and conductance at different temperatures. For a device
of w = 600 nm. (a) Resistance dV dI in ohms. (b) Conductance dIdV in siemens.

We can easily check by eye if the resistance goes as n−1 away from the CNP by plot-
ting its inverse, the conductance. We do it in figure 3.9 (b). The first we can appreciate
is that conductance is not linear on the carrier density, which indicates that the device
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is not at the diffusive regime for this range of temperatures.

We can study this in a more quantitative way if we fit our data, away from the charge
neutrality point. For doing this, we do a linear fit to the logarithm of the resistance as
a function of the logarithm of the carrier density. In figure 3.10 we plot in this way the
left tail of the data in figure 3.9.

Figure 3.10: Logarithm of the resistance as a function
of the logarithm of the carrier density. We see that this
dependence is linear, what agrees with the fact that the resis-
tance has a power-law dependence on n.

For this device, we
extract a slope very close
to minus one half for
all the measurements in
this range of tempera-
tures. This slope is not
always the same when
we change the device,
but it is usually be-
tween 0.4 and 0.8. From
these measurements we
can’t extract a signa-
ture of the hydrody-
namic regime. How-
ever, we can say that we
are not at the diffusive
regime. In figure 3.11 we
plot values of the slopes
extracted for these fit-
tings, which are the val-
ues of the exponents α in
the power laws dV dI ∝ nα.

3.4.3 Temperature dependence at a given charge density

We focus now on the temperature dependence at a given carrier density. As we saw in
chapter 1, we expect it to be non-monotonical (equation 1.45).

R(T ) = aT + b+
1

cT 2 + d
(3.7)

In figure 3.12 we see the same measurements as before, but now for a different device,
with constriction width of 400 nm.

If we make a zoom at a carrier density away from the CNP, we actually see how the
resistance first goes down and then increases again as we increase the T (as we move from
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Figure 3.11: α as a function of the temperature. For the same device as in previous
figures, with w = 600 nm.

blue to red). We can see this in figure 3.13 (a).

If we make a cut at a fixed carrier density, in this case n = −1.78 · 1011cm−2, and
we plot the value of the resistance as a function of T , we can see this behaviour more
clearly. In figure 3.13 (b) we have done this (blue dots). We have fitted the data with
equation 3.7 (red line) just to give a flavour of how well the data match the expected
behaviour. The non-monotonic behaviour of the resistance agrees with the predictions
of the hydrodynamic regime contribution. Here, we are fitting with a function with four
parameters, which is a lot. The relevant point is not the fitting itself, but the fact that we
see this non-monotonic behaviour that we wouldn’t have without the viscous contribution.
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Figure 3.12: Resistance as a function of the carrier density. Different lines cor-
respond to different temperatures. The small rectangle around n = −1.8 · 1011cm−2

indicates the area that is enlarged in figure 3.13. Device with w = 400 nm.
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Figure 3.13: Temperature dependence of the resistance away from the CNP.
Device with w = 400 nm. (a) Magnification of the data in figure 3.12 close to n =
−1.8·1011cm−2 (this area is indicated in figure 3.12 with a grey rectangle). (b) Resistance
as a function of the temperature at n = −1.78 · 1011cm−2. This n value is indicated in
(a) with a grey vertical line.
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Conclusion

We have fabricated constriction devices and measured the four-probe resistance as a func-
tion of n and T . From the study of the carrier density dependence, we can extract the
value of the mobility of the graphene of these devices. This value confirms the high qual-
ity of the materials and the fabrication techniques.

We also confirmed that the resistance follows a power-law as a function of n. Fur-
thermore, we have extracted the exponents of these power-laws for several devices and
we have found values that don’t agree with the diffusive regime expectations. We can
say that, at low temperature, the devices don’t behave in a diffusive way. However, this
measurements are not enough to distinguish signatures of the hydrodynamic regime of
electronic transport.

Studying the temperature dependence seems to be a better choice. Our observations
agree with the predictions of the viscous contribution to the electronic transport. We see
a non-monotonic dependence of the resistance when n is fixed at values away from the
charge neutrality point of graphene. This dependence is monotonic when we tune n to be
close to zero. These results agree with the predictions presented in chapter 1. However,
a more systematic study would help to obtain more definitive conclusions.

With the fabrication of several devices with different constriction widths, we expected
to be able to study also the dependence on w, which would be a good way of distinguish-
ing the ballistic and hydrodynamic regimes. However, we have seen big variation in the
value of the resistance for different devices, as we can appreciate if we compare for exam-
ple figures 3.9 and 3.12. Different devices have different contacts to source the current
and can also have different disorder properties that can affect to the absolute value of
the resistance we measure. In order to do a more systematic study of this dependence
it would be better to fabricate new devices with several constrictions [figure 3.14], as
explained in the following section.

Outlook and other work

To obtain more definitive results about these observations, it would be good to further
study the temperature dependence. Another good option would be to study the constric-
tion width dependence of the conductance, as we said, by fabricating new devices with
several constrictions with different widths.

59
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Figure 3.14: Top view of the suggested
device structure for studying the con-
striction width dependence of the con-
ductance. The grey area indicates the
graphene (encapsulated in hBN) and the yel-
low parts are the metallic contacts.

In figure 3.14 we show a possible struc-
ture for these devices. Using the same
leads to source current to all the con-
strictions the contribution of these con-
tacts to the measurements would be the
same for every constriction. Also, we
would make sure that we are sourcing the
same value of the current trough all of
them. With the small leads we would
measure the voltage drop across each con-
striction. In the figure, we have placed
two pairs of leads for each of them (one
pair at the top part and the other at
the bottom). It is common that some of
the small leads are not well connected,
so with this configuration we would min-
imise the constrictions that can not be
measured because of leads that stop work-
ing.

In parallel to this project, Kumar and coworkers obtained very nice results on the
same topic. Their work has recently been uploaded to arXiv.org (40). We can see in
figure 3.15 two selected figures that show the main results of their work.

As we did, they studied the temperature dependence of the resistance at a constriction
and obtained a non-monotonic behaviour [figure 3.15 (a)]. Furthermore, after treating
the measured data and axtracting the viscous part of the measured conductance, the
observed the expected quadratic dependence on the constriction width [figure 3.15 (b)].
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Figure 3.15: Resistance at a graphene constriction in agreement with the theo-
retical predictions. (a) Temperature dependence of the resistance at different constric-
tions. In this case the value of n is fixed at 5 · 1011cm−2. The dashed line indicates that
the minima shift to higher T and become deeper for narrower constrictions (b) Viscous
conductance as a function of w for a fixed T value. The dependence is quadratic, as
expected for the viscous regime. In the inset we see the same data as a function of w2.
Figure adapted from (40).

Relevance of this work regarding applications

Finding signatures of hydrodynamical behaviour of the electrons is highly interesting
because of purely scientific reasons, since it contributes to better understanding of the
fundamental physics of electrons in graphene. However, the realisation of this regime
has also important implications regarding device applications. When interactions among
electrons take place, and for special geometric conditions, conductance can achieve higher
values than the ballistic Landauer’s limit. So, for applications in which high conductivity
values are important, it would be very useful to try to enhance the hydrodynamic regime.
Because of this surpass of the ballistic conductance when interactions are relevant, this
behaviour can be called superballistic flow.

Furthermore, since the phenomenon actually increases as the temperature rises, device
performance could be enhanced at temperatures of ∼100 K or even higher. Superballistic
flow is assisted by temperature, rather than hindered by it like the ballistic behaviour.
This would make easier and cheaper the implementation of some electronic devices.
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Even if, at first, the fact that interactions can lead to an enhancement in conductiv-
ity may seem counter-intuitive, if we think carefully about it it can be understood in a
very intuitive way. If electrons don’t interact among them, they can travel unimpeded in
straight lines. This means that, for a small constriction, most of them will collide with
the edges, bounce back and probably loose some energy in the process. Elastic carrier-
carrier collisions are lossless, since the total energy of the two quasi-particles is preserved,
and can help to smooth the effect of the constriction edges. As we saw at figure 1.10,
as the interactions increase the current profile avoids the constriction boundaries. There
is an interaction-induced streaming effect that allows the resistance to drop below the
ballistic-limit value.
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