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Preface
Plasmons are charge oscillations coupled to electromagnetic radiation. One of their most
intriguing properties is their deep subwavelength confinement resulting in strongly enhanced light-matter interaction. 1,2 Metal plasmons have received tremendous interest over
the last few decades 3 and have sparked the development of a range of new fields such
as plasmonic nanophotonic components, 4 metamaterials, 5 metasurfaces 6 and more exotic
research areas such as quantum plasmonics. 7 Some of the main drawbacks of conventional
metal plasmonics are that the plasmon lifetime is extremely short when the light is confined
to deep subwavelength scales and that their properties are not tunable in situ. 8,9
This is where graphene, a one atom thick semimetal consisting of carbon atoms arranged
in a two dimensional honeycomb lattice, comes into play. 10 In graphene, plasmons can
be confined to extreme subwavelength scales while still having a long lifetime and their
wavelength is tunable in situ. 8 Graphene plasmonics is a relatively new research area but has
already attracted a lot of attention. 11–17 This is undoubtedly due to the fact that graphene
plasmons are extremely versatile. They are a unique platform for exploring the limits of
light-matter interaction, 12,18,19 two dimensional transformation optics, 20 biosensing, 21 and
mid-infrared integrated optics. 11 Their first technological applications have already been
shown by using them to tune the output frequency of quantum cascade lasers. 22,23
At the start of my work on this thesis at the end of 2012 the research area of graphene
plasmonics was just in the beginning, especially concerning experiments. A vast amount of
theoretical work was already available on general graphene plasmonics. 8,18,24–26 Based on
these fundamental studies the first theoretical proposals for exploiting graphene plasmons
in unique devices appeared. Graphene plasmonic circuits have been proposed as building
blocks for optical signal processing. 20,27 Also more exotic proposals such as two dimensional
transformation optics 20 and single photon non-linearities 28 were appearing. However experiments were just starting to catch up with these theoretical proposals. Earlier published
work showed both propagating 29,30 as well as localized graphene plasmons. 31,32 However
the plasmon lifetime was well below what was expected from theoretical studies 8,18 and
there was a big debate in the community about the origin of this discrepancy. 32,33 Without
the anticipated long plasmon lifetime a lot of the device proposals were not feasible. This
is why the search for a longer plasmon lifetime was a very important topic in the graphene
plasmon community.
Luckily around the same time a new layered material, hexagonal boron nitride (h-BN),
entered the stage. 34,35 Graphene encapsulated by h-BN shows far superior carrier lifetime
compared to the previously used silicon dioxide substrate. 34,35 Indeed for graphene fully
encapsulated by h-BN the transport carrier lifetime reached its absolute limit at room
temperature. The limitation is acoustic graphene phonons, or in other words: charge
carriers scattering off the vibrations of the graphene lattice itself. 35 It was however not clear
how this increase in transport carrier lifetime would translate to the lifetime of plasmons,
charge oscillations at much higher frequencies.
The goal of this thesis is to explore the frontiers of graphene plasmonics both to under1

Contents
stand the fundamental properties and limitations as well as to use the gained understanding
to develop new concepts towards applications. For the studies presented here I mainly used
scattering-type scanning near-field optical microscopy (s-SNOM) 29,30,36 as well as a technique based on s-SNOM we developed called near-field photocurrent nanoscopy. These
techniques provide great insight into the working mechanisms of graphene plasmons and
graphene opto-electronics with a nanometer resolution over a broad frequency range from
the mid-infrared to the terahertz. Their main advantage compared to other techniques is
that they allow to perform measurements in real space rather than frequency space which
makes for easy and straight forward interpretation of the data. Moreover the fact that in
principle no nano structuring of the devices is necessary allows the direct study of the plasmonic properties without them being affected by fabrication imprecisions, contaminations
and artifacts.
With these tools and the h-BN material system at hand we set out to explore what was
possible with graphene plasmons.

Outline
This thesis is split into a general introduction chapter and two main parts with experimental
results. In the beginning I will give an introduction to graphene and its opto-electronic
properties, graphene devices and their fabrication. Furthermore hexagonal boron nitride (hBN), a dielectric layered material commonly used as substrate for graphene, is introduced
(Chapter 1). In the first main part of the the background and fundamentals of graphene
plasmons needed for the subsequent experimental chapters are introduced (Chapter 2).
This is followed by a chapter where I introduce an experiment exploring the limitations of
the graphene plasmon lifetime at room temperature for graphene encapsulated in h-BN
(Chapter 3). I will then show an optical phase modulator which is capable of tuning the
phase in situ from 0 to 2π with a footprint of only 350 nm exploiting the unique capability
of tuning the graphene plasmon wavelength (Chapter 4). In the second part of the thesis I
will give a background on photodetection with graphene (Chapter 5). I will then introduce
a new measurement technique called infrared photocurrent nanoscopy (Chapter 6) and
show how it can be used to study the opto-electronic properties of a variety of graphene
devices in the infrared at the nanoscale (Chapter 7). Then I will show how graphene
plasmons can be detected electrically using this technique, which constitutes a first step
in engineering fully on-chip graphene plasmonic circuits (Chapter 8). As the last chapter
of this part I will introduce a way of detecting phonon polaritons in hexagonal boron
nitride electrically using graphene and show how this can be used to greatly enhance the
photoresponse of graphene photodetectors in the mid-infrared (Chapter 9). Finally I will
provide a summary of the achievements of this thesis and an outlook (Chapter 10).

2

1. Basic opto-electronic properties of
graphene and hexagonal boron
nitride

In this chapter gives a general overview of the properties of graphene, with a focus
on its electronic and especially opto-electronic properties. The basic properties
that govern the way graphene behaves when you shine light on it and how light
is absorbed are introduced. A special focus is put on its optical conductivity and
the different models used to describe it. An advanced fabrication method of ultra
clean graphene devices is presented and compared to previously used techniques.
Furthermore the optical properties of hexagonal boron nitride, the substrate of
choice for high quality graphene devices, are introduced.

3

1. Basic opto-electronic properties of graphene and hexagonal boron nitride
Graphene is a one-atom thick semimetal which is arranged in a two dimensional honeycomb lattice of sp 2 hybridized carbon atoms (Fig. 1.1a). 37 It attracted a lot of attention
right after it was isolated for the first time by Andre Geim and Kostya Novoselov in 2004 38
as it has many unique properties. Geim and Novoselov consequently won the Nobel prize in
Physics for their “for groundbreaking experiments regarding the two-dimensional material
graphene” in 2010. 39,40

a

b

E

ky
kx

Fig. 1.1.: Graphene lattice and electron dispersion of graphene. a, The graphene lattice consists of carbon atoms arranged in a hexagonal honeycomb structure. The position
of carbon atoms are shown as disks and the bonds as lines. b, Graphene electron dispersion
showing the typical Dirac cone, indicating that graphene is a zero gap two dimensional
semimetal. The colour indicates that the valence band is filled up to the charge neutrality
point and that the Fermi energy EF = 0 eV.

As the energy-momentum dispersion of graphene is linear for small energies (Fig. 1.1b)
charge carriers in graphene have zero effective mass, or in other words behave as massless
particles. The carrier dynamics can therefore be described by a massless Dirac equation
and charge carriers in graphene are often referred to as massless Dirac fermions 41,42 with
the charge carrier Fermi velocity vF ≈ c /300, where c is the speed of light in vacuum. 37
In the energy-momentum dispersion of graphene the valence and conduction band touch
at a point known as the Dirac point and thus graphene can be referred to as a zerogap semiconductor or a zero-overlap semimetal. 10 In graphene the Fermi energy EF with
respect to the Dirac point can be tuned by changing the carrier density ns : 37
√
EF = ~vF kF = ~vF π ns

(1.1)

here ~ is the reduced Planck constant and kF the Fermi wavevector.

1.1. Transport properties of graphene
Fig. 1.2a shows a sketch of a typical graphene device. In the depicted two-probe configuration the electric current between source (S) and drain (D) can be measured, typically
using a current amplifier. The carrier density ns of the graphene can be tuned in situ by
applying a backgate voltage VBG between a layer of highly conductive silicon (Si++ ) and
the graphene. The applied voltage will drop over the substrate dielectric (here SiO2 ) and
due to the backgate Si++ and the graphene forming a plate capacitor charge carriers will
accumulate in the graphene as a function of the applied VBG . We can calculate ns due to
4

1.1. Transport properties of graphene
this capacitive effect as a function of applied VBG using a simple plate capacitor model for
the system:
q
ns = ((VBG − V0 )Cox /e )2 + n02 ,
(1.2)
where VBG is the applied backgate voltage. V0 is the backgate voltage at which the
charge neutrality point appears and is introduced phenomenologically. It represents the
voltage needed to overcome intrinsic doping of the graphene from different origins. Cox =
ε0 εsub /tsub is the capacitance of the substrate which depends on the DC permittivity εsub
and the thickness tsub of the substrate and ε0 is the free space permittivity. e is the
elementary charge and n0 is the phenomenologically introduced residual carrier density at
the charge neutrality point which depends on the graphene quality and mobility. Thus
for 300 nm SiO2 substrates which typically allow the application of voltages of up to
VBG = ±100 V before they break due to leakage Fermi energies of EF = ±0.3 eV are
feasible.

b

A
S
VBG

Graphene
SiO2
Si++

D

Resistance (Ω)

a

1000

500

0
− 100

− 50

0

50

100

Backgate Voltage VBG (V)
Fig. 1.2.: Typical graphene device and backgate dependent resistance. a A typical
two probe graphene device schematic with a highly doped Si backgate to tune the carrier
density in graphene. The carrier density and thus the resistance can be tuned in graphene
by applying an electrostatic voltage to a graphene device. b Ambipolar electric field
effect in graphene. 10 The inset shows the change of the Fermi energy EF by changing the
backgate voltage VBG . In this case a charge carrier mobility of µ =10 000 cm2 V−1 s−1 was
used.

We can then calculate the conductivity of graphene using σ = ns e µ with µ being the
charge carrier mobility of the graphene. In Fig. 1.2b the resistance R of the graphene is
then calculated using:
L
(1.3)
R=
Wσ
where L is the channel length and W the width. For this we assume a constant mobility
µ with carrier density, which is not fully justified (see section 1.1.1).
As shown before the carrier density ns in graphene can be tuned in situ by the electric
field effect continuously from electron to hole doping. This means it is possible to add
electrons or holes to the graphene, or in other words dope the graphene as EF depends
on ns (eq. (1.1)). Fig. 1.2b shows the simple case of the electric field effect where the
resistance of a graphene sheet changes by applying different VBG . At the Dirac point,
or charge neutrality point, the resistance of the device is highest as the carrier density is
lowest. As graphene does not have a bangdap the conductivity never drops to zero and
5

1. Basic opto-electronic properties of graphene and hexagonal boron nitride
thus the resistance at the charge neutrality point is finite. The inset shows the changing
EF with changing VBG from hole doping for negative VBG over neutral graphene to electron
doping at positive VBG .

1.1.1. Graphene transport mobility
Charge carriers in graphene travel through the graphene lattice without any effective mass
due to the energy-momentum dispersion of graphene. Their mobility is however limited.
Charge carriers interact with phonons in the substrate and the graphene itself and can
scatter with charged particles and other scattering centers. 43 These events limit the related
transport mobility µ and scattering time τscat .
For different device geometries and substrates different scattering mechanisms are known
to limit the mobility of graphene. 43 In order to differentiate between the different mechanisms temperature and carrier dependent measurements are the most common techniques.
Coulomb scattering is due the charge carriers scattering with charged impurities,
typically due to long-range variations of the electrostatic potential. It is governed
by the impurity density ni . These type of impurities can be scattering centers in the
graphene itself, in the substrate or trapped ions between graphene and substrate. 44
√
The scattering time scales with ns /ni and thus the mobility is independent of
carrier density. The increased scattering time for increasing ns is due to the increased
screening of the charge carriers at higher carrier densities. 43,45 For long range charged
impurity scattering it is possible to use substrates with higher permittivity to increase
the screening and lower the Coulomb scattering. 44,45
Short-range scattering is due to atomic scale neutral scatterers, e.g. lattice defects. 43 It is governed by the defect density nd and the associated conductivity is
independent of carrier density. It leads to a sublinear increase of the graphene
conductivity with carrier density. 44 It has for example been observed in suspended
graphene sheets at high carrier densities. 46
Graphene acoustic phonons impose an intrinsic limit to the mobility by charge
carrier scattering with the lattice vibrations of the graphene lattice itself. 47 In the
absence of other scattering mechanisms this is the ultimate limit of the graphene
mobility at room temperature. This mechanism shows a decrease of mobility with
1/ns , 47 which is in excellent agreement with measurements of graphene at high carrier density, encapsulated in hexagonal boron nitride (h-BN) by the van der Waals
assembling technique described in sec. 1.3.1. 35 Acoustic phonon limited devices have
shown ballistic transport at low temperatures over distances of more than ten micrometers. 35,48 For more details on the fabrication procedure and a short overview
of its history see section 1.3.

1.2. Optical properties of graphene
Graphene is a broadband opitcal absorber due to its missing bandgap. Indeed graphene
is well-known for absorbing 2.3% of the optical illumination from the ultraviolet to the
near-infrared region of the spectrum. 49 This value is independent of material parameters
and is thus often referred to as the universal optical absorption constant of graphene. It
6
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is due to interband absorption of charge carriers in graphene. But much like the transport
properties of graphene its optical properties can also be tuned in situ by changing ns . 50,51
a

b

Intraband

Disorder
mediated

c

Interband
EF
~ω

Fig. 1.3.: Optical absorption regimes of graphene. a In the intraband regime free
carriers are responsible for the graphene absorption as described by the Drude response
of graphene. b In the regime where no direct absorption of photons is allowed, due to
Pauli blocking, disorder in the graphene can provide the necessary momentum to allow
absorption. c In the interband regime the photon energy Eph is high enough to allow direct
absorption of photons.

For the optical absorption of plane waves in graphene three different regimes exist: 15
Intraband: For a photon energy Eph = ~ω  EF and ωτ  1 we are in the so
called intraband absorption regime. In this case τ is the scattering time of graphene
charge carriers. Here free carriers are responsible for the graphene absorption and
the absorption is well described by a Drude response of the graphene. This absorption mechanism is mainly responsible for the absorption in the terahertz frequency
regime. 52 (Fig. 1.3a)
Disorder mediated: When Eph < 2EF a direct transition of an electron from the
valence to the conduction band and thus the absorption of a photon is not allowed
due to the Pauli exclusion principle. Graphene is said to be in the Pauli blocking
regime. However a photon can still be absorbed when the necessary momentum
is provided by disorder in the graphene. This leads to a non-zero absorption for
low quality graphene 50,51 and the residual absorption is greatly reduced for high
quality encapsulated graphene, such as the one described in the following section 1.3.
(Fig. 1.3b)
Interband: When Eph > 2EF , photons can be absorbed directly in the graphene by
promoting an electron from the valence to the conduction band which leads to the
universal graphene absorption of 2.3% described above. It is important to note that
this universal absorption value is only valid for free standing graphene. Graphene on a
substrate can have greatly different values of absorption due to thin film interference
effects. 53,54 In fact, interference is responsible for seeing single layer graphene so
nicely under a microscope on the typical 300 nm SiO2 substrates. 55 (Fig. 1.3c)
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1.2.1. Optical conductivity
The processes qualitatively described above can be described mathematically by the socalled optical conductivity function of graphene. The optical conductivity of graphene is
at the heart of many calculations in the following chapters. Here I will outline different
models that are typically used from the simple Drude response over local to non-local
random phase approximation (RPA).
Drude model
A simple description of the local response conductivity of graphene taking into account
the free carriers is the Drude model: 8,18
√
2e 2 vF π ns
i
σ(ω, τ , ns ) =
h
ω + i /τ
e 2 EF
i
=
π~2 ω + i /τ

(1.4)

Here ω is the angular frequency of the excitation light and τ the carrier scattering
time of the graphene. h and ~ are the Planck and reduced Planck constant respectively.
This term arises from intraband processes and the Drude response describes the graphene
conductivity fairly well for situations in which Eph  EF . As ns is in situ tunable by
changing VBG it is evident from eq. (1.4) that it is possible to tune the Drude response of
graphene.
Local random phase approximation
In the random phase approximation (RPA) of graphene we add up the response of all
electrons independently without including electron-electron interactions. 18,24–26,56 Just like
the Drude model it is only fully valid for small momenta q → 0 but in contrast to the
Drude model it does include interband transitions. At finite temperature T the local RPA
of graphene can be written in a closed form as: 56

σ(ω, T ) =

i
2e 2 T
log [2 cosh (EF /2kB T )]
π~ ω + i /τ


Z
e2
4i ω ∞ H () − H (ω/2)
+
H (ω/2) +
d
4~
π 0
ω 2 − 42

(1.5)

where kB is the Boltzmann constant. The first part of the term is due to the intraband
scattering of charge carriers (cf. eq. (1.4)) while the second part is due to interband
absorption. Fig. 1.4a,b show the real and imaginary part of the optical conductivity of
graphene as a function of incident light wavelength calculated using the local RPA. We
can clearly see the three different regimes described in sec. 1.2.
In the equation before H () is given by:

H () =

8

sinh(~/kB T )
cosh(EF /kB T ) + cosh(~/kB T )

(1.6)

1.2. Optical properties of graphene

Fig. 1.4.: Optical conductivity of graphene. a Real part of the graphene conductivity
and b imaginary part calculated using the local random phase approximation (eq. (1.5)).
Calculated at T = 0 K with an effective scattering rate of τ = 500 fs incorporated through
the Mermin relaxation approximation. 18 The normalization is done to the universal conductance value of graphene at high frequencies σ0 = πe 2 /2h. 49–51

The optical absorption A of graphene is proportional to the real part of the conductivity:
A ∝ Re σ. For short wavelengths we can see the interband absorption plateau and the
associated universal absorption. The drop in absorption and the onset of the Pauli blocking
for photon energies smaller than 2EF is clearly visible. The absorption decreases from
2.3% to close to zero and the onset of the Pauli blocking can be tuned by changing EF .
The increasing absorption for increasing wavelength due to intraband absorption is nicely
observed. Furthermore the dependence of the Drude absorption on EF is observed like
expected from eq. (1.4).

Fig. 1.5.: Optical conductivity of graphene as a function of Fermi energy. a Real
part of the graphene conductivity and b imaginary part calculated using the local random
phase approximation (eq. (1.5)) with a scattering time of τ = 500 fs and a photon energy
of ~ω = 124 meV (f = 30 THz). The normalization is done to the universal conductance
value of graphene at high frequencies σ0 = πe 2 /2h. 49–51

Fig. 1.5 shows the carrier density dependent σ. Again a plateau is visible and by increasing the Fermi energy it is possible to change the graphene from absorbing to transparent,
as indicated by the drop of the real part of σ close to zero. The residual absorption is
again determined by the graphene quality.
9
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Non-local random phase approximation

Fig. 1.6.: Non-local graphene conductivity. a Real part of the non-local graphene conductivity and b imaginary part calculated using the random phase approximation (eq. (1.5))
with a scattering time of τ = 500 fs. The Fermi energy is EF = 200 meV. The interband
and intraband regime are lined out. The normalization is done to the universal conductance
value of graphene at high frequencies σ0 = πe 2 /2h. 49–51

While the local RPA σ(ω) is valid for a carrier momentum q → 0, the non-local RPA is
more general. It is also valid for q 6= 0 yielding a momentum dependent σ(ω, q ). Especially
for plasmons that have a very large q this can be very important (see Chapter 3 and 4).
For the reader interested in all the details of the non-local RPA the following references
allow a great overview: 24–26
Fig. 1.6a and b show the real and imaginary part of the non-local graphene conductivity
calculated using non-local RPA. It is evident from the shown calculation that for higher
momenta q the q -dependent non-local effects become non-negligible and need to be taken
into account. From the dispersion of graphene it is clear that the onset of intraband
transitions depends on momentum q and has a slope of vF .

Permittivity of graphene
It is possible to convert the optical surface conductivity σ into a volumetric permittivity by
assuming a finite thickness for the graphene. 57 This can be useful for simulating graphene
in various simulation software such as Lumerical FDTD. The conversion is done using:

ε(ω) = εr + i

σ(ω)
ε0 ω t

(1.7)

where εr is the relative background permittivity and t is the thickness of the graphene
in the simulation software. Typical values used are t = 1 nm, slightly thicker than the
0.3 nm measured thickness of graphene in order to reduce the amount of mesh cells needed
which can significantly speed up the simulation process. Convergence tests comparing the
simulation results of different thicknesses t have to be done to find the desired trade off
between accuracy of the simulations and speed.
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1.3. Graphene encapsulated in hexagonal boron nitride
(h-BN)
Traditionally the substrate of choice for graphene devices is silicon dioxide. This is because
graphene on a 300 nm thick silicon dioxide substrate is nicely visible after exfoliation due to
interference. 55 However graphene on silicon dioxide has the major drawback that the carrier
scattering time is limited by the substrate. This can be due to charged impurities in the
substrate leading to Coulomb scattering, ripples and unevenness in the graphene due to the
roughness of the substrate or surface phonons of the silicon dioxide. 34,58–60 (An overview
of the different scattering mechanisms for different substrates is given in sec. 1.1.1) One
way to overcome this limitation is by suspending the graphene without a substrate. 46,61
But these devices are difficult to fabricate and tend to break more easily and are typically
contaminated with resist and other chemicals and need to be cleaned by tedious current
annealing processes, which can even lead to device destruction. 62 Furthermore, suspended
devices have a very limited size and are not practical for the envisioned mass fabrication
and commercialization of graphene. 63

Fig. 1.7.: Encapsulated graphene device with one dimensional edge contact.
Graphene fully encapsulated in h-BN shows superior electrical properties of graphene including room temperature scattering limited by acoustic phonons 35 in the graphene and
ballistic transport over tens of micrometers at low temperature. 64 The layered structure
of h-BN/graphene/h-BN transferred onto a SiO2 substrate is shown. The typical thickness of the bottom h-BN directly in contact with the substrate is on the order of tens of
nanometers.

In the search for the perfect substrate for graphene hexagonal boron nitride (h-BN)
turned out to be an ideal candidate. 34 It is a layered insulator that offers an atomically
flat surface without dangling bonds or charged impurities and a lattice constant that is
similar to the one of graphene. All these properties give graphene on h-BN a high carrier
mobility, a low roughness and small intrinsic doping. 34 In the case of graphene on SiO2 it
is known that so called charge puddles form. 59 These are spatial inhomogeneities of the
local charge carrier density due to disorder. On h-BN the charge puddle size is increased
and the magnitude of charge carrier density variation is decreased which also leads to a
reduced scattering of charge carriers and thus a higher mobility. 65
These devices where graphene is on top of a h-BN substrate still do not reach the
ultimate limit of carrier scattering time. This is because even though the graphene is on a
flat substrate still its top surface is exposed to air and vapor and more importantly during
the fabrication graphene gets into contact with all types of chemicals and resists. To
11
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overcome this limitation the so-called polymer-free van der Waals assembling technique
was invented. 35 Using this technique the graphene is never exposed to any chemicals and
is safely encapsulated between two layers of h-BN (see Fig. 1.7). In this type of devices
graphene shows a carrier lifetime at room temperature which is only limited by scattering
with acoustic phonons of the graphene lattice. In other words the graphene mobility
has reached the limit at room temperature and is only limited by the unavoidable lattice
vibrations of the graphene lattice itself reaching mobilities well over 100,000 cm2 /Vs at low
carrier densities. 35 These types of devices also show ballistic transport of charge carriers
at low temperatures over distances of tens of micrometers. 35,48,64 The devices also show
an extremely low contact resistance, 35 which can be important for some applications such
as fast modulators. 66,67
Also more sophisticated ways of this transfer technique have recently been developed
where the amount of bubbles can be reduced using a heated transfer stage. 68 Furthermore
it has also been shown that it is possible to achieve the same high mobilities with this
technique using graphene grown by CVD, 64 which indicates that in the future high quality
graphene transfer could be achieved in a scalable process for mass fabrication.
This transfer technique can also be used to engineer more sophisticated van der Waals
heterostructures consisting of many different material layers with unique properties. 69,70
Devices that have already been realized include tunnel transistors, 71,72 solar cells, 73 light
emitting diodes 74 and many more. It was also employed to fabricate encapsulated devices
made of materials that are unstable at ambient conditions, such as black phosphorus. 75

1.3.1. Device fabrication
The encapsulated graphene devices explored in this thesis were fabricated using the polymerfree van der Waals assembly technique. 35 A typical transfer setup consists of a translation
stage with micrometer positioners, a heating stage where the sample can be mounted and
a microscope. A manual on how to build such a transfer setup can be found in ref. 76.
a

b

c

d

Fig. 1.8.: Polymer-free van der Waals assembling technique. a h-BN flake on a
PPC/PDMS substrate is brought into contact with exfoliated graphene on a substrate.
b The whole stack of h-BN/graphene is then picked up. c The h-BN/graphene stack is
brought in contact with another h-BN flake. d The h-BN/graphene/h-BN stack can then
be released on the substrate by heating up the substrate. It is also possible to pick up
the full stack to continue the stacking process or to release the full stack onto another
substrate or metal gates as desired (not shown here). (This figure is taken from ref. 35)

Fig. 1.8 shows the transfer process step by step. The fabrication process of such high
quality devices starts by h-BN being exfoliated on a typical SiO2 /Si wafer with an oxide
thickness of 300 nm. In order to fabricate devices with the highest quality it can be
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necessary to carefully characterize each layer using different inspection techniques such
as atomic force microscopy. Then the h-BN is picked up by a stamp made of PDMS
and PPC on a glass slide. In the case of the devices for near-field microscopy like in this
thesis it is important that the thickness of this h-BN layer is below 10 nm in order for
the electric field of the plasmons to penetrate through the top layer of the h-BN. The
h-BN is then aligned with a graphene layer on top of a SiO2 /Si wafer using a microscope
and brought into contact (Fig. 1.8a). Due to van der Waals interaction between the two
layers the graphene adheres to the h-BN and can be easily picked up (Fig. 1.8b). For
optimal conditions of the pickup the graphene should be smaller than the h-BN. Now the
h-BN/graphene stack can be brought into contact with another layer of h-BN in order to
either pick up this layer or to bring down the complete stack at this position (Fig. 1.8c).
In order to pick up this second layer of h-BN the flake should be smaller than the top
h-BN which was picked up first. Picking up the full stack can be used in order to align
the stack on top of local metal gates for example. The release happens by heating the
substrate to above 80 ◦ C such that the PPC melts and the full stack is released onto the
substrate (Fig. 1.8d).

Fig. 1.9.: Fabrication process of one dimensional edge contacts. First the shape of the
encapsulated graphene is defined using lithography and a mask is left behind. Then the
stack is etched using a directive etching process such as reactive ion etching (RIE). Finally
metal contacts are evaporated and a one-dimensional edge contact is formed between the
graphene and the metal (This figure is taken from ref. 35).

The PPC can easily be dissolved using acetone and then isopropanol to rinse the sample
without leaving chemical residues. For optimal cleanliness the stack can also be annealed
in a hydrogen/argon atmosphere at ∼ 300 ◦ C. It can be seen that at no point during this
process the graphene is exposed to any chemicals which is the reason why graphene devices
made with this technique show extremely high mobilities. 35
Electrical contact to the graphene is made by one-dimensional edge contacts (Fig. 1.9). 35
For this the desired shape is written using electron beam lithography and subsequent
etching and evaporation of a metal contact. Extremely low contact resistances of around
100 Ω µm have been reached. 35
13
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1.3.2. Optical properties of h-BN
Hexagonal boron nitride is an insulator with a bandgap of ∼ 6 eV and thus no interband
transitions are allowed below that energy. 77 Furthermore there are no free carriers such
that also no intraband transitions are allowed. Nevertheless it is interesting for its optical
properties in the mid-infrared due to phonons. It even supports so called hyperbolic phonon
polaritons. 16,17,78–82 These strong subwavelength modes arise when the in- and out-of-plane
permittivity in the h-BN are of different sign in the so called reststrahlen bands of h-BN. 78
As with many dielectric materials, h-BN is a dispersive material with a frequency dependent permittivity ε due to phonons. Due to the layered nature of h-BN it is an anisotropic
material and so its permittivity ε is a tensor. Choosing x , y to be the in-plane directions
and z to be the out-of-plane direction (“c -axis”), by symmetry the permittivity must be
diagonal in a perfect h-BN crystal:


εx 0 0
ε =  0 εy 0 
0 0 εz
with components εx = εy 6= εz .
The frequency dependent permittivity ε as a function of the driving electric field with
an angular frequency ω can be described by:
εl (ω) = εl (∞) + sv,l

2
ωv,
l

2
ωv,
l
,
− i γv,l ω − ω 2

l = x, y, z.

(1.8)

The parameters are the real-valued constants sv,l (dimensionless coupling factor), ωv,l
(normal frequency of vibration), and γv,l (amplitude decay rate). Note that sv,l gives
the DC permittivity contribution, so that in the case of a single vibrational mode as in
eq. (1.8), one finds sv,l = εv,l (0) − εv,l (∞).
In Appendix A.1 we show a table with different values for eq. (1.8).

Fig. 1.10.: Real and imaginary part of in- and out-of-plane components of the h-BN
permittivity in the mid-infrared. Real parts are depicted as solid lines and imaginary
parts as dotted lines. The two reststrahlen bands where the respective real part of the
permittivity is negative for one direction and positive for the other is indicated by the gray
shaded regions. The model used is from ref. 78.

In h-BN, it is theoretically expected that there are only three polar vibrational modes,
one each for x , y , z . 83 The out-of-plane vibration (l = z ) has significantly different values
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of sv,l , ωv,l , γv,l compared to the in-plane modes (l = x , y ). In practice, it is sometimes
useful to include additional modes to fit the measured permittivity in disordered crystals, 83
however for the clean h-BN used in our studies we consider ideal h-BN with one mode
along each direction.
The permittivity calculated by eq. (1.8) completely characterizes the h-BN for optical
studies at frequencies up to and including the mid-infrared. For bulk h-BN this permittivity
is known to produce interesting behaviour of electromagnetic modes.
Transverse phonon polaritons near ωv,l . Near this frequency, the permittivity along
l diverges to very large values (Re εl ∼ ±100). For light polarized along direction l ,
a strong peak in reflectivity (near 100%) is observed at this frequency. 78,83
p
Longitudinal phonon polaritons near ωL,l = ωv,l εl (0)/εl (∞). At this frequency,
εl passes close to 0. This allows a purely electric oscillation that is longitudinal, i.e.,
electric field parallel with the phase velocity. 83
Hyperbolic phonon polaritons for ωv,l < ω < ωL,l . In this frequency range (the
so-called reststralen band), Re εl < 0 in direction l , yet Re ε is positive along another
direction. This results in a hyperboloidal constant-frequency surface of propagating
modes in k -space, rather than the usual ellipsoid that appears for most frequencies.
This hyperboloid extends to very high k (short wavelength) allowing propagating
modes of very short wavelength. 78 The group velocities of these confined modes are
correspondingly low and are nearly perpendicular to their phase velocities. 80 These
hyperbolic phonon
polaritons
propagate as rays with a frequency dependent angle
p
p
tan θ(ω) = i εx ,y (ω)/ εz (ω). 84
The frequency dependent permittivity of h-BN for the in-plane and out-of-plane direction
is shown in Fig. 1.10 and the reststrahlen bands are marked. For thin h-BN films, the effects
of the transverse and longitudinal modes are somewhat diminished, yet the hyperbolic
modes start to exhibit waveguiding 84 and have been exploited to produce subwavelength
resonant structures. 78
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I
Plasmons in graphene:
Fundamentals and
applications

In this part of the thesis plasmon waves are introduced and their fundamental
properties, such as their tunability and strong wavelength confinement is shown
for the most simple case of free standing graphene. Then give an overview over
different available techniques to excite plasmon waves in graphene is given. A
focus is put on scattering-type scanning near-field infrared microscopy (s-SNOM)
as this was the tool of choice for observing and characterizing graphene plasmons
in this thesis. Next two main results of this thesis are presented. First it is shown
how by properly choosing the graphene substrate the lifetime of graphene plasmons can be greatly enhanced. It will be presented how graphene encapsulated
by hexagonal boron nitride shows plasmon lifetimes of up to 500 fs and what this
lifetime is limited by. Finally a first application of such long lifetime plasmons is
introduced: a phase modulator for light with an extremely small subwavelength
footprint of 350 nm and the light phase being fully tunable in situ from 0 to 2π.

2. Background on plasmons and
s-SNOM
Plasmons in graphene have some very promising properties, such as their extreme wavelength and mode volume confinement 8 which makes them an ideal candidate for molecular sensing. 21,85 Furthermore they allow graphene to absorb much more than the typically
quoted 2.3 % for interband transitions. 86 This makes them a great candidate for improving
graphene photodetectors in the mid-infrared. 87
However in order to excite graphene plasmons a mismatch between plasmon momentum
and the momentum of free space light has to be overcome. Different ways exist to excite
and measure graphene plasmons. A very common technique is to use electron-energyloss spectroscopy (EELS). 88–90 In order to probe low energy plasmons, nanostructured
graphene was investigated in the infrared and terahertz regime. 31 In this case the graphene
plasmons are excited by a far-field infrared light source and the extinction of the device
is measured by e.g. Fourier transform infrared spectroscopy (FTIR). Graphene plasmons
are then observed in the spectrum as changes in reflection or transmission. 21,31,32,52,91–94
One disadvantage of this technique is the challenging fabrication. It is extremely difficult
to keep the width of the nanoribbons constant as their width needs to be on the order
of the plasmon wavelength, thus a width of only hundreds of nanometers. The changing
ribbon width leads to inhomogeneous broadening of the observed plasmon resonance in the
far-field and thus this technique is not suitable for finding the intrinsic lifetime of graphene
plasmons. Moreover no spatial information of the plasmon wave propagation is available.
One of the more recent approaches is to measure plasmons by scattering type sanning
near-field optical microscopy (s-SNOM). 29,30,79,95–102 It has also been used to successfully
probe plasmon excitations in carbon nanotubes. 103 This is the technique of choice for this
thesis and a more detailed description is given in section 2.2.

2.1. Fundamentals of plasmons in graphene
In Fig. 2.1a we show the frequency dependent permittivity of a typical Drude material.
In order for plasmons to exist as long lived excitations the real part of the permittivity
εr has to be negative. 17 For graphene this is the case in the terahertz and mid-infrared
frequency range of the electromagnetic spectrum. Moreover the permittivity can be tuned
by changing the Fermi energy of graphene.
In Fig. 2.1b we show amplitude and field lines of the in-plane electric field of graphene
plasmons as well as the charge carrier distribution. As in the case of plasmons in a two
dimensional system, such as graphene, all the free charge carriers are involved in the
plasma oscillation. Thus it is evident that by changing the amount of charge carrier ns
in the graphene the plasmon properties can be modified strongly. Furthermore due to the
possibility of doping ambipolarly both electron and hole plasmons can be excited.
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Fig. 2.1.: Sketch of the main plasmons features and the condition for their existence.
a In order for bound electromagnetic modes to exist the real part of the permittivity εr
of the material has to be negative. In the case of graphene plasmons this is due to the
intraband motion of free carriers, commonly described by the Drude response of graphene.
b Amplitude and field lines of the in-plane electric field. The plasmon wavelength λpl is
indicated. c The out-of-plane electric field of graphene plasmons is an evanescent field
with a strong confinement and a 1/e amplitude decay length of 1/kpl = λpl /2π.

Fig. 2.1c shows the evanescent nature of the out-of-plane electric field and its strong
confinement. Indeed for free standing graphene the out-of-plane decay length is 1/kpl =
λpl /2π. 18

2.1.1. Frequency dispersion of graphene plasmons
For sufficiently high Fermi energies the graphene plasmon dispersion inside two semi-infinite
materials can be described by the complex valued plasmon wavevector qpl as: 8

qpl (ω, ns , τ ) ≈ ω0 (r,sub (ω) + r,sup (ω))

i
σ(ω, τ , ns )

(2.1)

= kpl + i Im qpl .
Here ns is the carrier density of the graphene and r,sub (ω) and r,sup (ω) are the frequency
dependent permittivities of the substrate and superstrate respectively. The frequency
dependent surface conductivity of graphene is σ(ω, τ , ns ), and kpl is the real part of the
plasmon wavevector.
A dimensionless figure of merit for the propagation of graphene plasmons is the inverse
−1
damping ratio γpl
= kpl / Im qpl . It describes how many plasmon wavelengths a graphene
plasmon can propagate before its amplitude has decayed to 1/e . It is evident that the
plasmon propagation depends on the dielectric environment due to the permittivity of the
substrate and superstrate influencing eq. (2.1) as well as the graphene quality due to the
influence of σ.
By substituting σ(ω, ns ) with the Drude formula for graphene as defined in eq. (1.4) the
graphene plasmon wavelength λpl = 2π/kpl can be written as: 8,18
λpl ≈ λ0 α

EF
4
.
Eph r,sub + r,sup

(2.2)
2

1 e
Here λ0 is the free space wavelength of the far-field light, α = 4π
≈ 1/137 the
0 ~c
fine-structure constant. For typical values of permittivity and photon and Fermi energy
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EF
4
Eph r,sub +r,sup

∼ 1 − 10 which shows that the graphene plasmon wavelength is typically
λpl ∼ αλ0 or about one hundred times smaller than the free space wavelength of the
excitation light. This strong wavelength reduction leads to a large momentum mismatch
between the free-space excitation light and the plasmons, which needs to be overcome for
effective plasmon launching. The out-of-plane decay length of the graphene plasmon is
∼ λpl /2π, also more than two orders of magnitude smaller than the free-space wavelength
of the excitation light. 18
√
Moreover it is directly visible that the plasmon wavelength λpl ∝ EF ∝ ns can be tuned
simply by tuning the carrier density of the graphene. This makes graphene plasmons unique
as their wavelength is in situ tunable.

Fig. 2.2.: Frequency dispersion of graphene plasmons in free standing graphene.
The graphene plasmon dispersion calculated using different conductivity models of for
the graphene (see section 1.2). The simple Drude model (eq. (1.4)) for the graphene
conductivity σ(ω) shows the typical square root frequency dispersion of graphene plasmons
for free standing graphene (black dashed curve). The plasmon dispersion obtained by the
local RPA conductivity is shown as blue dashed-dotted curve and by the non-local RPA as
the blue solid curve. The Landau damping regions due to intraband and interband single
particle electron-hole excitations are indicated in shaded green and orange respectively.
Their onset can be tuned by changing EF . 15 Here EF = 100 meV and τ = 500 fs. The
difference between the light line k = ω/c for free space light (black dashed dotted line
close to k = 0) and the graphene plasmon momenta show the strong momentum mismatch
between plasmons and free space light.

In Fig. 2.2 we show the graphene plasmon frequency dispersion calculated using different
graphene conductivity models. The Drude model for the graphene conductivity σ(ω) shows
the simple square root dependence on momentum. For small plasmon momentum all
three models show good agreement while for higher momenta a clear mismatch becomes
visible. In the green and orange shaded regions graphene plasmons decay rapidly because
of interband or intraband transitions. These regimes can be tuned by tuning the carrier
density. 8,25
A clear discrepancy between the Drude model and local RPA is visible. This is due
to the interband transition appearing in the local RPA but not in the Drude model. As
seen in Fig. 1.4 this leads to Im σ crossing zero close to the interband threshold photon
energy. The local RPA model for the parameters used in this example gives Im σ = 0 for
f ≈ 40.3 THz. According to eq. (2.1) this leads to q → ∞ which explains the observed
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asymptotic behavior of the dispersion using the local RPA.
The non-local RPA takes into account also the momentum dependence of the conductivity, i.e. σ(ω, q ) (see 1.2.1 and Fig. 1.6). It is evident that for large momenta a mismatch
between local and non-local RPA is expected. The analysis, presented in the following
chapters, requires the use of the non-local RPA model to fully explain the data. The nonlocal RPA plasmon dispersion is calculated using the transfer-matrix method and we plot
the imaginary part of the Fresnel reflection coefficient. Plasmon modes are seen as poles
in the imaginary part of the Fresnel reflection coefficient. 104 Thus the vanishing mode
inside the interband regime shows that there are indeed high losses for the plasmons in
the interband region, mainly due to interband excitations becoming the favourable process
over plasmon excitations.
Fig. 2.3 shows the frequency dispersion of graphene plasmons for different Fermi energies. The strong tunability of the plasmon momentum and thus the plasmon wavelength
λpl with Fermi energy is remarkable. This makes graphene a unique plasmonic material as
it allows to tune λpl in situ. This strong tunability has also been shown experimentally. 100
For comparison also the light line of free space light is shown as a dashed-dotted line close
to k = 0. The strong momentum mismatch between graphene plasmon and free space
light is evident.

Fig. 2.3.: Frequency dispersion of graphene plasmons for different Fermi energies. By
changing the Fermi energy of graphene the frequency dispersion of the graphene plasmons
and thus the plasmon wavelength can be tuned in situ. Here the damping due to intraband
and interband excitations is not taken into account (see Fig. 2.2). The light line of the
free space light is shown as a dashed dotted line close to k = 0.

2.1.2. Fresnel reflection coefficient
The interface between two media with the refractive indices n1 and n2 is known to reflect
light. Fig. 2.4 shows such an interface and the and all the necessary parameters. The
relation between the angle of the incoming wave θi and the transmitted wave θt is given
by Snell’s law as n1 sin θi = n2 sin θt . The relation between the incoming and the reflected
wave is given by the law of reflection as θi = θr .
The Fresnel reflection coefficient rTM is the ratio of the complex electric field amplitude
of the reflected wave reflected to that of the incident wave and can be calculated using: 105

rTM =
20

n2 cos θi − n1 cos θt
n1 cos θt + n2 cos θi

(2.3)
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Fig. 2.4.: Reflection and transmission of a transverse magnetic (TM) polarized
incoming wave at an interface. Two materials with refractive index n1 and n2 respectively
form an interface and an electromagnetic wave with TM polarization gets reflected. Here
Ei and Hi are the electric and magnetizing field of the incoming, Er and Hr of the reflected
and Et and Ht of the transmitted electromagnetic wave respectively.

The transmission coefficient can be calculated using:

tTM =

2n1 cos θi
n1 cos θt + n2 cos θi

(2.4)

2.1.3. Transfer-matrix method
While the dispersion calculated using eq. (2.1) gives an idea of how the substrate influences
the dispersion it is only strictly valid for a semi-infinite substrate and superstrate. Also the
Fresnel equations described above only provide a simple method for calculating how electric
and magnetic fields act after impinging on a single boundary between two materials. For
layered systems more sophisticated models that take into account multiple reflections and
interference, such as the transfer-matrix method, have to be used. The transfer-matrix
method is well known to characterize the propagation of electromagnetic waves through
layered media. 106 When using the proper thicknesses and permittivities of each of the
layers involved excellent agreement between theory and experiment can be reached. A
good description of using the transfer-matrix method with graphene is given in ref. 107
and 104. In the case of the transfer-matrix method used in this thesis we used a numerical
implementation in Python developed by Mark B. Lundeberg at ICFO. 108
The transfer-matrix method works well to study transverse magnetic (TM) waves with
the two field components Ex and Hy in planar structures, where the permittivity of the
system can change in the out-of plane (z ) direction and is uniform in the in-plane (x , y )
direction. We consider waves at a fixed frequency ω and fixed in-plane wavevectors kx and
ky = 0. So, all fields can be described as F (x , y , z , t ) = F (z )e ikx x +0y −i ωt . 108
Each material layer of the system can then be described by a so-called transfer matrix
M l , where l denotes the layer. The electric field at a given boundary can then be calculated
if the details of the field at the adjacent boundary and the refractive index and thickness
of the medium between boundaries are known. This can be done for an arbitrary amount
of layers.
The idea of the method is that by multiplying the transfer matrix of each layer one is
able to to map the electric field at the bottom of the stack to the electric field at the top
of the stack. In the case of plasmons, like it is of our interest in this thesis, we are looking
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for electromagnetic fields that are evanescently decaying at the top and the bottom of the
stack.
The typical contour plots of the plasmon dispersion used throughout this thesis are
showing the imaginary part of the Fresnel reflection coefficient calculated by the transfermatrix method. The complex Fresnel reflection coefficient is defined as the ratio between
the bound mode evanescently decaying away from the top surface and the wave that
exponentially increases away from the surface at the position of the top surface. This
reflection coefficient is a complex function of complex kx and ω. Bound modes, such as
plasmons, are found at a pole for real ω at a complex kx = qx . This complex qx contains
information about the wavelength and losses of the plasmons.

2.1.4. Hybridization of the plasmon with the substrate phonons
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Fig. 2.5.: Hybridization of graphene plasmons with the substrate. Due to the vicinity
of the graphene to the underlying substrate there is a strong interaction between the
graphene plasmons and the substrate phonons. The blue curve is the imaginary part of
the Fresnel reflection coefficient calculated using the transfer-matrix method. In this case
the substrate is SiO2 and the difference between the square root dispersion (solid curve)
and the actual dispersion due to the substrate is clearly visible. The simple plasmon
dispersion (grey dashed curve) is calculated using eq. (2.1). An avoided crossing at the
polar phonon frequency ωsp of the substrate is visible. For frequencies far away from the
phonon frequency of the resonance the square root dispersion for a simple Drude model
is restored. The SiO2 permittivity is taken from ref. 109.

As graphene is typically not suspended but rather on top of a substrate it is obvious from
eq. (2.1) that the substrate permittivity will strongly influence the frequency dispersion
of the graphene plasmon. Indeed there will be avoided crossings, at the polar phonon
frequencies (ωsp ) of the substrate (for SiO2 see Fig. 2.5). From the difference between
the square root dispersion (solid curve) and the actual dispersion it is evident that the
substrate has to be taken into account for any type of dispersion calculation.
The simple dispersion calculated form eq. (2.1) (grey dashed curve) and the transfer
matrix calculated dispersion (blue color plot) agree well. This shows that the simple
dispersion calculation works extremely well for semi infinite substrates and superstrates
like in this case.
Zero crossings of the plasmon momentum due to plasmon and substrate phonon cou22
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pling are expected from eq. (2.1) where Re r,sub (ω) = −1 when the superstrate has a
permittivity of r,sup = 1, i.e. vacuum, like in this case. The losses associated with the
avoided crossing, visible in the full calculation of Fig. 2.5 as fainter blue, are due the imaginary part of the SiO2 permittivity, and are thus called dielectric losses (see section 2.1.5).
These losses are especially severe for the plasmon propagation length as due to the small
group velocity (as seen by the small slope of the dispersion curve) the plasmon propagates
extremely slowly with very high loss.

2.1.5. Plasmon damping mechanisms
As described in section 1.1.1 charge carriers in graphene can scatter with different mechanisms leading to a reduced transport mobility of graphene. As plasmons are charge oscillations coupled to electromagnetic radiation it is obvious that mechanisms leading to a
reduced transport scattering time can also affect the plasmon scattering time in graphene.
It is however important to note that the transport and plasmon scattering time are only
related quantities and the transport scattering time should be used only for a very rough
estimation of the plasmon scattering time. 100,110,111 This is because the plasmon scattering
time is the scattering time of the electron system at ω > 0 and a finite momentum q  0.
In contrast the transport scattering time is for ω = 0 and momentum q = 0 due to the
linear dispersion of charge carriers in graphene. 110
In the following I will review the most relevant scattering mechanisms for plasmons.
Charged impurity scattering losses are due to the plasmon scattering with a
charged impurity and subsequently losing its energy. 110 Just like in the case of the
transport lifetime limited by charged impurities (see section 1.1.1) the plasmon lifetime is expected to increase with increasing carrier density due to increasing screening. However, the plasmon lifetime is calculated to be significantly shorter than the
transport one. 110 It has been shown that for the case of graphene on a SiO2 substrate
the measured plasmon decay rates can be explained by this type of scattering. 110
Acoustic phonon scattering losses are due to the electrons in graphene scattering
with the lattice vibrations of the graphene lattice itself. 35,43,111 In this case the
plasmon lifetime is calculated to only weakly depend on carrier density and while
the transport lifetime is decreasing with increasing carrier density (see section 1.1.1)
the plasmon lifetime is slightly increasing. 111 We were able to show that at room
temperature for extremely clean encapsulated graphene this mechanism is a main
limitation of the scattering time of graphene plasmons. 100 We explain our findings
in great detail in chapter 3.
Optical phonon scattering losses occur when electrons scatter inelastically with
the plasmon, taking energy from the plasmon and scattering it into an optical phonon
in the substrate or the graphene. 32,111 While the contribution of optical phonons to
the transport scattering time is negligible due to their large energy, 43 they need to
be taken into account in the case of plasmons with a finite ω and q . 111
Electron-electron (e-e) scattering losses are an intrinsic scattering mechanism of
charge carriers in graphene in the absence of any order scattering mechanism such as
disorder or lattice vibrations and the ultimate limit of the plasmon scattering time. 112
The plasmon lifetimes expected for graphene limited only by e-e scattering exceed
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the currently experimentally achieved lifetimes by two orders of magnitude and thus
only play a minor role in current considerations. 100 A pathway to reach these long
lifetimes could be to suppress acoustic phonon scattering and measure encapsulated
graphene samples at cryogenic temperature, for example using a cryogenic near-field
microscope like the one described in ref. 113.
Dielectric losses give rise to plasmons dissipating energy to the environment and
not, like the other loss mechanisms discussed before, due to plasmons dissipating
energy to the electronic system of the graphene itself. 110,111 This is associated with
the imaginary part of the permittivity of a graphene substrate or superstrate. In
eq. (2.1) it is evident that a larger imaginary part of the surrounding permittivities
will lead to a larger Im qpl which indicates a shorter propagation distance and thus
more damping. Especially for low quality substrates with a large imaginary part of
the permittivity and a large amplitude decay rate γv ,l (see (1.8)) this loss can be
significant not only close to the phonon resonance of the substrate. Both in the case
of graphene on SiO2 29,30 and on h-BN 100 it has been shown that dielectric losses
cannot be neglected.

2.2. Scattering-type scanning near-field optical
microscopy (s-SNOM)
a

b

Fig. 2.6.: Near-field enhancement at the tip apex and resulting momentum distribution. a Due to a lightning rod effect there is a strong near-field at the apex of
the tip which can be used to overcome the momentum mismatch between the graphene
plasmons and the far-field light. The length scale associated with this near-field is wavelength independent and is given by the tip radius. Here the incoming light wavelength is
λ0 = 118 µm. b Momentum distribution of a tip with an apex radius of 30 nm peaking at
q = 3.4 × 105 cm−1 . This means that a tip with this radius couples best to wavelengths
of ≈ 185 nm. (a taken from ref. 114 and b taken from ref. 95)

In order to excite graphene plasmons, exhibiting momentum more than 100 times the
photon momentum, the momentum mismatch has to be overcome. This is why the
scanning probe technique called scattering-type scanning near-field optical microscopy (sSNOM) 36 is an extremely practical tool to measure plasmons in graphene. 29,30,95 With sSNOM the necessary momentum to excite graphene plasmons is provided by the sharpness
of a metallized atomic force microscopy (AFM) tip. 95,115 It provides very high resolution
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spatial images of the near-field optical response, which allows at the same time for the
measurement of graphene plasmons. It is able to measure real space images of graphene
plasmons which allow insight into their properties such such as their wavelength and decay
length.
The advantage of scattering-type near-field systems over conventional near-field microscopes using apertures is that the spatial resolution is completely wavelength independent
and is determined by the radius of the tip apex used. 36 This results in spatial resolutions
on the order of tens of nanometers for light wavelengths in the infrared 36 or even terahertz
regime 114,116 of the optical spectrum.
In Fig. 2.6a we show the near-field of a typical metallized atomic force microscope tip
illuminated by infrared light with a polarization parallel to the shaft. It is evident that the
resolution is linked with the geometry of the tip apex. For sharper tips an even higher
spatial resolution is possible. A field enhancement of ∼ 20 is typical.
Fig. 2.6b shows the momentum distribution provided by a tip with an apex radius of
30 nm. 95 It follows a bell shape. For sharper tips a higher momentum and thus a shorter
plasmon wavelength can be accessed experimentally. The maximum of the bell shape and
thus the best coupling between the sample and the AFM tip is reached for an in-plane
momentum q ≈ 1/a, where a is the radius of the AFM tip apex. 95 But there is a tradeoff
between reachable momentum and signal as for smaller tip apexes the signal strength
decreases.
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Fig. 2.7.: Sketch of the working principle of a s-SNOM with pseudo-heterodyne
detection. The s-SNOM uses pseudo-heterodyne detection 117 to measure amplitude and
phase at the same time. This is possible due to a vibrating mirror and a Michelson
interferometer. The beam splitter (BS) used for our laser is made of ZnSe. The incoming
electromagnetic field Ein and the out scattered one Escat are indicated. The mechanical
vibration frequency of the cantilever is Ω (∼ 250 kHz) and of the vibrating mirror fm
(∼ 400 Hz).

Besides the probe tip being extremely important for the spatial resolution, the other
important part of the s-SNOM system is the pseudo-heterodyne detection. It is based on
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modulating the phase of a reference wave. 117 It allows to extract background-free nearfield signals containing information about amplitude and phase of the light scattered out
by the AFM tip, which is also called optical signal. Fig. 2.7 shows a sketch of this system.
A laser source is used to couple light into an interferometer in Michelson configuration.
Part of the light is passed through the beam splitter (BS) and focused onto a metallized
atomic force microscope (AFM) tip by means of a parabolic mirror. The polarization of the
laser is parallel to the shaft of the probe tip. The parabolic mirror guarantees wavelength
independent operation. The light interacts with the sample through the tip and gets
scattered by the tip. Part of the scattered light is collected by the parabolic mirror and
sent back to the beam splitter where it interferes with the light that has been reflected by
the vibrating mirror. By demodulating the signal of the detector at higher harmonics n of
the mechanical tapping frequency of the tip Ω and measuring at the sidebands created by
the mechanical frequency of the vibrating mirror fm it is possible to fully retrieve amplitude
and phase of the near-field light scattered by the sample. 117 Higher harmonics appear due
to the non-linear dependence of the scattering amplitude and phase on the tip-sample
distance. 36

2.2.1. Measuring graphene plasmons using s-SNOM
Near-field microscopy allows unprecedented insight into the electric field distribution close
to the surface of different materials and devices, such as metals and photonic crystals. 118
Using s-SNOM one can directly measure the plasmon wavelength and decay length in real
space. This allows a simple interpretation of the data.
A simple description of the measured data is the following: the strong near-field at
the probe apex of the atomic force microscope tip provides the necessary momentum to
overcome the mismatch between far-field photon and plasmon. This plasmon wave then
propagates radially away from the tip (Fig. 2.8a). The plasmon gets reflected from the
graphene edge 29,30 (or defects, grain boundaries, 96 sharp steps in the substrate, 97 etc.) and
a interference pattern between the launched plasmon wave and the edge-reflected plasmon
wave is formed (Fig. 2.8b). The optical signal ξopt (x ) detected by the s-SNOM system is
proportional to the plasmon wave amplitude E (x ) underneath the tip. It is important to
not that we do not directly observe the interference pattern shown in Fig. 2.8b but rather
we observe the optical signal directly at the position of the probe tip. We then move the
probe tip on the sample and measure the optical signal at each position. This results in a
decaying signal away from the edge as shown in Fig. 2.8c.
The electric field of the propagating graphene plasmon wave can be described as: 18

E (x ) = Ae ixqpl

(2.5)

With A being complex amplitude and x the position on the graphene sheet and qpl the
complex valued plasmon wavevector as described before.
A simple way of modelling what happens to graphene plasmons when they are reflected
at a graphene edge and how they can be measured using s-SNOM is the so called mirror
dipole method or method of images. 29 In Fig. 2.8a a graphene plasmon is excited and
propagates radially away from the origin. When a plasmon source is brought close to a
graphene edge the plasmons are reflected from the edge and form a standing wave pattern
(Fig. 2.8b). Here x = 0 denotes the position of the graphene edge. Graphene is present
for x ≥ 0 and no graphene for x < 0. The measured optical signal is then given by:
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ξopt (x ) ∝ |E (0) + e iΦR E (2x )|

(2.6)

= |A + Be iΦR e i 2xqpl |

where E (0) is the electric field amplitude underneath the tip due to the tip-launched
plasmon wave. The reflected plasmon wave is given by e i φ E (2x ) as the reflected plasmon
has travelled twice the tip edge distance x . A and B are fixed complex amplitudes,
where A collects all contributions that would already occur away from the edge – local
response, plasmon launching, etc. The complex coefficient B includes factors of reflection,
in-coupling, out-coupling, etc.
The phase shift ΦR is acquired due to the reflection and is close to π. 29,119 A theoretical study suggests that the actual phase shift acquired is 3/4π, 120 this was however
not observed experimentally. 119 By moving the plasmon source away from the edge and
recording the amplitude at each position we can measure the standing wave pattern. The
interference underneath the tip is then constructive at
λpl
ΦR
(n −
), n = 1, 2, . . .
(2.7)
2
2π
This means that the measured fringe spacing, or the distance between the maxima, is
λpl /2 as shown in Fig. 2.8c.
From eq. (2.6) it is evident that the measured optical signal will decay exponentially
√
due to Im qpl . This is due to the plasmon wave lifetime. Furthermore there is a 1/ r
amplitude decay away from the tip due to geometrical decay in two dimensions. It ensures
energy conservation of the wavefront, which has circumference 2π r . 100

xn =

a

200 nm

b

200 nm

c
1

λp

150 nm

Signal (a.u.)

λp /2

0

−1

0

100 200 300 400

Distance from edge (nm)

Fig. 2.8.: Simulation of propagating graphene plasmons and their reflection at
graphene edges. a Graphene plasmons propagate radially away from a dipole source
and decay. The plasmon wavelength λpl is 200 nm. b At the edge of graphene the plasmons get reflected and form a standing wave. c The standing wave pattern as a function of
distance from the graphene edge taking into account that the reflection phase of graphene
√
plasmons is ΦR = π 29 as well as the 1/ r amplitude decay away from the edge due to
energy conservation reasons. The inverse damping ratio is γpl−1 is 25.

2.2.2. s-SNOM setup
The s-SNOM used for the studies was a Neaspec neaSNOM microscope. In Fig. 2.9 a
photograph of the setup is shown. On the left the vibrating mirror is marked. It is used
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Fig. 2.9.: Neaspec s-SNOM system used for the experiments. The s-SNOM we used
included a pseudo-heterodyne module, 117 which we used for most of the measurements
as well as a holographic module. 99 The holographic module allows to finely control the
length of the interferometric arm which can be extremely useful when working with lasers
with a short coherence length.

for pseudo-heterodyne detection to extract amplitude and phase of the scattered light
signal simultaneously. 117 There are two screws to align the laser beam with this mirror and
make sure the light reflected from the mirror copropagates with the light scattered from
the atomic force micrscope tip. Before the mirror a neutral-density filter is placed which
allows to tune the light power from the interferometric arm of the system.
A chip holder is connected to a digital to analog converter via cryogenic wire loom with
24 wires. This allows full eletrical control of our devices. The cryogenic wire loom is
shielded in order to reduce electrical noise from affecting the signals using a braided metal
mesh shielding. It is placed on the translation stage. This cable is extremely flexible and
does not affect the movements of the translation stage.
A box was built around the system to isolate it from air flow and vibrations which can
influence the measurements. Also the box allowed to flush nitrogen gas which can be used
to reduce the humidity inside the box. Flushing nitrogen gas has to be done very carefully
as it changes the humidity of the system and parts of the system tend to move when the
humidity changes. Especially some of the screws used to align the laser to the vibrating
mirror are affected. The optical input and output ports for this box are ZnSe windows
which can be screwed into the box.
The atomic force microscope probes used were tapping mode tips with a tip radius
< 25 nm (NanoWorld Arrow NCPt). We use ”Arrow” type tips as here the position of the
probe is well known and at the very end of the cantilever. This greatly facilitates alignment
of the infrared laser.
In order to steplessly tune the laser power incident on the s-SNOM we use a polarizer/analyzer configuration of two CaF2 holographic wire grid polarizers (Thorlabs WP25HC). The polarizer is mounted in a rotation mount and the analyzer is mounted such that
the output polarization is always perpendicular to the optical table plane. In order to
measure the output power after the analyzer we use a power meter (Newport 1918-R).
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The typical power used is ∼ 20 mW.
As mid-infrared light source we use a CO2 laser which is tunable from 9.4 to 10.7 µm
(Access Laser Company L4G) with a water chiller for temperature control (Solid State
Cooling Systems Oasis 3). As mid-infrared detector a HgCdTe detector is used (Kolmar
Technologies ). For alignment purposes we use a HeNe Laser at 632.8 nm (Thorlabs
HNL150L).
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encapsulated graphene

In this chapter we demonstrate that in the case of graphene encapsulated by h-BN
dramatic improvements in the graphene plasmon damping and field confinement
can be achieved. Furthermore, we establish an excellent understanding of the
graphene plasmon dispersion and damping for a wide range of carrier densities.
In contrast to earlier reports, we find much lower plasmon damping and that
impurity scattering does not play a significant role in plasmon damping, pointing
at very low intrinsic limits on the plasmon damping in graphene.
Graphene plasmons were predicted to possess ultra-strong field confinement
and very low damping at the same time, enabling new classes of devices for deep
subwavelength metamaterials, 11,121 single-photon nonlinearities, 28 extraordinarily
strong light-matter interactions, 18 and nano-optoelectronic switches. While all
of these great prospects require low damping, thus far strong plasmon damping
was observed, 29,30,98 with both impurity scattering 110 and many-body effects in
graphene 29 proposed as possible explanations. With the advent of van der Waals
heterostructures, 34,70 new methods have been developed to integrate graphene
with other atomically flat materials. In the following chapter we exploit near-field
microscopy to image propagating plasmons in high quality graphene encapsulated
between two films h-BN. 35 We determine dispersion and particularly plasmon
damping in real space. We find unprecedented low plasmon damping combined
with strong field confinement, and identify the main damping channels as intrinsic
thermal phonons in the graphene and dielectric losses in the h-BN. The observation and in-depth understanding of low plasmon damping is the key for the
development of future graphene nano-photonic and nano-optoelectronic devices.
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Fig. 3.1.: Device and plasmon imaging with s-SNOM. a Sketch of the layered heterostructure with a Si backgate, SiO2 layer, 1h-BN, graphene, h-BN, and a gold side contact. b Topography image of the device. The triangle is two h-BN layers encapsulating
a graphene layer, contacted at two corners. The blue outer area is etched. c Simplified
side-view schematic of the s-SNOM measurement including probe tip, excitation, and detection. Plasmons are launched radially from the tip. The color map shows the simulated
in-plane component of the electric field of a dipole source oscillating at a photon energy
of 116 meV coupling to graphene plasmons using Lumerical FDTD. The simulated field
confinement of the plasmon in the out-of-plane direction of 20 nm at full width half maximum can be seen on the right. d s-SNOM optical signal from two-dimensional scan of
tip position, near the graphene edge at room temperature (dashed line). Edge-reflected
plasmons appear as interference fringes with a spacing of half the plasmon wavelength λpl .

Graphene–h-BN heterostructures 34,70 have recently attracted great interest due to their
unusual electronic band structure, sensitive to the crystallographic alignment between
graphene and h-BN. 122 Optically, these heterostructures are just beginning to be explored, 94 and they are expected to produce unusual plasmonic behaviour in the case of an
aligned lattice. 123 This has actually been shown for graphene grown aligned on an h-BN
crystal. 124 Furthermore, h-BN itself is an interesting optical material as it shows natural
hyperbolic behaviour, meaning that the in- and out-of-plane component of the permittivity
have opposite signs in the reststrahlen frequency bands. 125 This implies that h-BN supports
deep subwavelength slow-light phonon polariton modes within those bands. 78,84 Combining h-BN with graphene gives rise to unconventional plasmon-phonon hybridization 79,94
and this hybrid system can be used for tailoring novel subwavelength metamaterials. Besides all of those exotic properties, h-BN can provide an exceptionally clean environment
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for graphene. Recent advances in graphene device fabrication, exploiting the unique properties of h-BN heterostructures produced by the polymer-free van der Waals assembling
technique, resulted in significantly less disorder. This leads to the carrier transport mobility
at room temperature reaching its intrinsic limit dominated by thermal phonon scattering. 35

3.1. Device
The device was fabricated by Yuanda Gao in the group of James Hone at Columbia
University according to our input. A device sketch of the layers is provided in Fig. 3.1a.
A topography image of the device acquired via atomic force microscopy is depicted in
Fig. 3.1b. The h-BN(7 nm)–graphene–h-BN(46 nm) stack assembled by the polymer-free
van der Waals assembling technique 35 lies on top of an oxidized silicon wafer, used as a
backgate. The device geometry as well as the electrical side-contacts were defined using
electron beam lithography and dry etching, in the method of Ref. 35. The backgate
capacitance density was estimated to be 6.7 × 1010 e cm−2 V−1 , where e is the elementary
charge for the bottom layer thickness of 46 nm.

3.2. Measurements
We image propagating plasmons using s-SNOM, as explained in detail in sec. 2.2. In order
to avoid the strong photodoping in encapsulated graphene it is crucial to turn off any
light in the s-SNOM such as the navigation light. 126 A continuous wave CO2 laser, with
tunable photon energy from 115 to 135 meV (laser wavelength λ0 from 10.8 to 9.2 µm),
is used. We operate in a frequency band where Re ε is strictly positive and the most
important aspect of the h-BN dielectric constant is its anisotropy and its dielectric loss to
avoid complications for the graphene plasmons 111 (see eq. (1.8)). The overall permittivity,
including its high anisotropy (with εx ≈ 9 and εz ≈ 2 in the studied frequency range around
10 µm), is very important for matching the measured plasmon wavelengths.
Interferometric detection of the scattered light yields magnitude and phase as the
complex-valued optical signal ξopt . A scan of Re ξopt vs. tip position near the graphene edge
shows characteristic fringes due to the varying field of the reflected plasmon, interfering
with the local response. 29,30 Figure 3.1c shows these fringes measured near a straight edge
in our device. For simplicity most figures only show Re ξopt , however similar information
appears in Im ξopt as described by equation (3.4). All analysis (background subtraction,
fitting, etc.) was performed simultaneously on Re ξopt and Im ξopt .

3.2.1. Detection of graphene edge location
In separating out the contributions from geometrical decay from exponential decay, it is
important that the location of x = 0 (the graphene edge) has been determined with
accuracy. An error in this determination leads to error in the extracted damping. The
location of the etched graphene edge (x = 0) was determined from the simultaneouslymeasured topography.
It is well known that tip convolution artefacts result in modified appearances of sharp
edges in scanning probe microscopy. We assume that our physical etched edge is sharply
vertical as illustrated in Fig. 3.2, such that the rounding and sloping apparent in the
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Fig. 3.2.: Tip convolution effects make the topography edge appear away from the
graphene edge. We define x = 0 to occur when the tip is centered directly above the
graphene edge—this is the situation depicted in the third panel.
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Fig. 3.3.: Topographic signal from measurement (blue crosses) with the interpreted
actual topography underneath. The graphene (dashed line) is assumed to terminate at
the end of the round feature, since this round feature is interpreted as a tip convolution
effect. From the topographic flatness the excellent quality of the h-BN devices is visible.

topographic signal is purely due to the AFM tip convolution (Fig. 3.2). As a result, the
edge is located directly beneath the point where the rounding convolution ends, illustrated
in Fig. 3.3. With the chosen edge-detection algorithm it is only possible that the graphene
edge is actually further on the left in Fig. 3.3 which would lead to an underestimation of
our extracted inverse damping ratios. Note that even if the edge were not strictly vertical,
the error in x would be on the order of a few nanometers since the graphene lies only 7 nm
under the surface.

3.3. Carrier density dependence of the optical response
Due to the encapsulation of the graphene, our device possesses only small intrinsic doping
and a uniform doping distribution with a small density of electron-hole puddles. 65 This
enables us to study the optical response for a wide range of carrier densities ns , including
features near the charge neutrality point, by applying a backgate voltage Vg . In Fig. 3.4a
we tune the plasmon fringes in both wavelength and amplitude and show that λpl depends
strongly on ns . With decreasing carrier density the fringe visibility decreases, as the wavelength of plasmons becomes shorter. The tip cannot couple to plasmons with an arbitrarily
short wavelength due to the non-zero tip radius 95 and their confinement in the top h-BN
layer.
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Fig. 3.4.: Optical signal and plasmon wavelength dependence on carrier density
and photon energy. a s-SNOM optical signal
1 from scan of tip position perpendicular to
the graphene edge (dashed line) and gate voltage, showing gate-dependence of plasmon
fringes at a photon energy of ~ω = 116 meV. b, Change in complex optical signal away
from the edge (blue, from a) with respect to gate voltage, compared to theoretical local
conductivity for ideal graphene (red). 24,25 c Plasmon wavelength dependence on carrier
density. d Dependence on frequency, at ns = 7.4 × 1012 cm−2 . Shaded orange regions
indicate the h-BN frequency bands in which propagating phonon polaritons can exist. In
both c and d, crosses show the extracted experimental values. The electronic intraband
Landau damping region is shaded green. The red background color plot is the imaginary
part of the Fresnel reflection coefficient of evanescent waves, evaluated at the top h-BN
surface. The damping has been modified (reduced dielectric loss) to enhance the visibility
of modes—this does not significantly modify the mode locations.

While changing ns we also observe changes in the optical response. This is most clearly
seen in Fig. 3.4b where we plot ξopt versus ns with the signal averaged from 400 nm to
700 nm from the edge, where plasmon interference effects are weak. With appropriately
chosen phase, ξopt is approximately proportional to the change in complex valued graphene
conductivity σ (Fig. 3.4b). Near charge neutrality (small |ns |), Re σ dominates which gives
information about interband conductivity. A corresponding peak in Re ξopt appears where
graphene is charge neutral, in this case near Vg ≈ −10 V. With increasing carrier density
Re σ (Re ξopt ) decreases due to Pauli blocking and Im σ (Im ξopt ) grows due to ballistic
free carrier motion (Drude-like response).
A detailed study of the plasmon wavelength dependence on carrier density and frequency
is shown in Fig. 3.4c,d together with calculations of the graphene plasmon dispersion of
the full system. The calculations include optical thin film effects via the transfer-matrix
method which need to be included due to the thin h-BN top film as well as graphene non34
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local conductivity which needs to be considered due to the low plasmon phase velocity and
high plasmon momentum. The measured wavelengths show parameter-free agreement
with these electromagnetic calculations (red curves in Fig. 3.4c,d).
For our frequency range, the h-BN lattice is a highly anisotropic dielectric, i.e. birefringent, environment for the plasmon, which enhances its confinement. The out-of-plane
full width at half maximum confinement of the plasmon electric field is calculated to be
∼ 20 nm (Fig. 3.1c). We observe λpl as low as 70 nm, 150 times smaller than the free
space light wavelength. This constitutes a record high volume confinement of propagating
optical fields of ∼ 107 compared to the modal volume in free space.
The additional modes (in the orange-marked reststrahlen bands of h-BN in Fig. 3.4d)
that appear in the calculation are due to the propagating phonon polaritons in thin hBN. 78,84 These phonon modes can hybridize with the graphene plasmons, however the
plasmons are effectively unhybridized for the frequency range used in this study. Later
studies show these hybrid plasmon phonon modes experimentally and show how they can
be controlled experimentally. 79

3.3.1. Dispersion comparison
In Fig. 3.5 and Fig. 3.6 we compare different dispersion models which are outlined in the
following.
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Fig. 3.5.: Frequency dispersion comparison for different models. a Drude model for
graphene conductivity and simple effective permittivity
for h-BN surrounding the graphene.
1
b Local RPA for graphene conductivity and thin film effects for h-BN surrounding the
graphene. c Non-local RPA for graphene conductivity and thin film effects for h-BN
surrounding the graphene. Scattering time τ = 500 fs, ns = 7.37 × 1012 cm−2 .
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Drude conductivity with semi-infinite h-BN (Figs. 3.5,3.6a) Simple Drude conductivity for the graphene as in eq. (1.4) and the simple graphene plasmon relation
given in eq. (1.4). Both top and bottom h-BN layer are considered to be semi√
infinite and the effective h-BN permittivity is calculated using ε ≡ εxx εzz . Note
that here no propagating phonon polariton modes are visible inside the reststrahlen
bands marked in orange. 111
Local RPA conductivity with thin-film effects (Figs. 3.5,3.6b) A significantly
improved fit is achieved by using the local RPA model and especially by including
thin film effects of the 46 nm bottom and 7 nm top h-BN. However for large plasmon
momenta a clear discrepancy between model and experiment is observed. Due to
the thin film effects propagating hybrid plasmon phonon polariton modes exist in
the reststrahlen bands of h-BN. 79
Non-local conductivity with thin-film effects (Figs. 3.5,3.6c) Including the nonlocal conductivity we achieve an even better fit, especially for higher wavevectors
where non-local effects start playing a more significant role. This shows that especially for large plasmon momenta the non-local conductivity of the graphene has to
be taken into account. The zero temperature random phase approximation (RPA)
result 24–26 was used for the graphene non-local conductivity σ(k , ω).

3.4. Optical signal model
Ideally, the tip interacts only with the graphene underneath its apex, responding to the
electric susceptibility of the graphene and acting as a localized “point source” for exciting
plasmons. The plasmons spread out as a circular wave (2D radial wave), reflect off the
nearby graphene edge and return to the tip. Even in the ideal lossless case, only a small
part of this returning wave couples to the tip, due to geometrical decay. In practice, there
are further interaction pathways: the light path does not only interact with the tip but also
directly with the sample, and moreover the tip does not solely interact with the graphene
under its apex.
This section describes the expected optical signal for a reflected circular wave, that has
λpl /2-period fringes as well as the origin of the fringes with λpl -period and their expected
optical signal in order to provide a model to fit the measured fringes.
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3.4.1. Fringes with λpl -period
The origin of the fringes with a spacing of half the plasmon wavelength λpl was already
discussed in sec. 2.2.1. Broken translational symmetry at the edge provides for matching
the small photon wavevector with the large plasmon wavevector. As a simple model, one
can think of the wave E (x ) being launched by an oscillating electric field at the edge. 127
This produces a plane wave plasmon without additional geometrical decay:

E (r̃ ) ∼ Eedge e iqpl rx ,

(3.1)

so that a contribution proportional to Eedge e iqpl x is added to ξopt (x ). This is the case for
plasmons being launched directly by the illuminating laser spot which is effectively a plane
wave on these nanometer length scales. However there was no dependence on the angle of
incidence observed in our experiments, which would be expected for a launching directly at
the edge by the polarized far-field laser source. This is in accordance with later studies 102
which also did not observe any angle dependence.
There are however other possibilities that lead to plasmons that travel only once the
tip-edge distance x . One possibility is the reverse of the above, that the plasmons launched
at the tip are scattered to light at the graphene edge. In this process the geometrical decay
is less obvious: the plasma wave decays geometrically from the tip so that the field at the
√
edge decays as 1/ x , yet also the wave arrives in-phase over a larger section of the edge,
tending to cancel this decay.
Another possibility is that the near-field tail of the tip interacts with the edge and
launches a plasmon there, a plasmon which is then received at the tip after travelling
x . This is similar to the far-field case, except the tip acts as a field-enhancing mediator between light and edge. Here additional geometrical decay is expected because the
electric field of the near-field tail depends on the tip-edge distance. It is not clear what
distance dependence this near-field profile should take—monopolar, dipolar, or somewhere
in-between. This profile would also be modified by lateral field focussing by the h-BN.
Again, the reverse process (launching at tip, then the long-ranged tail of the edge plasmon
field interacts with the tip) is also possible.
To allow for these various mechanisms we include a variable geometrical decay in this
contribution to ξopt :
ξedge (x ) ∝

e iqpl x
,
xa + Ra

where R is the tip apex radius, included to limit the divergence in this expression. In the
picture of plasmon plane wave launching at the edge, this would correspond to taking a
distance-dependent edge field in Eq. (3.1)

Eedge (x ) ∝

1
.
xa + Ra

The optical signal then shows the period of an edge-launched plane wave, but with additional geometrical decay whose origin is unclear.
Later measurements of similar heterostructures also observed fringes with a λpl -spacing. 102
The authors of ref. 102 have modelled the system in more detail and attribute the fringes
to the interaction of the edge with the tip.
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3.5. Fringe fitting (parameter extraction)
In order to extract parameters, such as propagation length, from the fringe signal, we need
an accurate model of the expected signal for a given amount of damping. Based on the
previous section, we have a decent model for the decay of fringes away from the edge:

e i 2qpl x
e iqpl x
ξopt (x ) = ξbulk (x ) + A √ + B a ,
x
x

(3.2)

where the fitting parameters are complex A, B and qpl , and real a. Here ξbulk collects
together all contributions that would already occur away from the edge – local response,
plasmon launching, etc., and, the complex coefficient A collects together factors of reflection, in-coupling, out-coupling, etc. The tip radius is fixed to R = 25 nm.
There are however some complications to directly fitting the raw data:
• The location of the edge, x = 0, needs to be detected accurately (see sec. 3.2.1)
• The background part of the signal, ξbulk (x ), is not known a priori and we see clear
signs of spatial variations. Fortunately, these variations (due to carrier density gradients) appear to be gradual.
• The model in Eq. (3.2) does not necessarily hold for small values of x . For the first
fringe, the tip coupling mechanism may become very different than when the tip is
over the bulk. Direct fitting of the data with equal residuals weighting is not suitable
in this case.
The edge we detect from the topographic data of the s-SNOM apparatus, taking into
account tip convolution effects. To avoid biases from the unknown ξbulk and the unknown
first-fringe behaviour, we subtract a smooth background from the signal/model, and then
perform fits in a transformed version of the signal/model. In the following we describe this
procedure in great detail.

3.5.1. Background subtraction
Since ξbulk (x ) is not known a priori, we can only estimate it from the dataset itself. After
discarding the data for x < 0, we estimate ξbulk (x ) by smoothing the measured ξopt (x ).
The difference,
δξopt (x ) = ξopt (x ) − ξsmooth (x )

(3.3)

should then be free of influence from the unknown ξbulk .
Background subtraction always results in removal of some of the desired signal, and is a
well known source of statistical bias. In this case, background subtraction leaves transient
artifacts near x = 0 due to the abrupt termination of the signal, and also selectively
removes part of the fringes depending on their period (i.e., affecting more the λp -period
fringes than λp /2-period fringes). In order to give a fair comparison, we apply the same
background subtraction procedure to the models used in the fit.
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Fig. 3.7.: Extraction of plasmon damping. a Black crosses show the s-SNOM optical
signal from Fig. 3.1d, averaged along the edge,
1 with a smooth background subtracted. A
fit to eq. (3.4) is shown as a red line. The shaded region shows the decay envelope of
√
the first term of equation (3.4). b Same signal and fit as in a multiplied by x to isolate
exponential decay. The shaded regions show the exponential decay envelopes of the first
term of equation (3.4) for the measured damping (γpl−1 = 25) and for the case limited only
by electron scattering from thermal phonons (γpl−1 = 70).

3.6. Damping
The capability to carry plasmons with such strong field confinement and at the same
time relatively low propagation damping is a unique property of graphene compared to
other plasmonic materials. 8 In order to quantify the propagation damping, we average
linescans of the complex ξopt perpendicular to the graphene edge at different locations,
and subtract the background (Fig. 3.7a). The decay of the fringes away from an edge is
due to a combination of damping (Im qpl > 0) and circular-wave geometrical spreading.
The oscillating signal of Fig. 3.7a fits well with (see eq. (3.2)):

e iqpl x
e i 2qpl x
ξopt (x ) = A √ + B a ,
x
x

(3.4)

with complex parameters A, B , qpl and real a. The first term is the returning field for
a damped circular wave reflected from a straight edge, with the plasmon travelling 2x .
The second term interferes with the first, producing alternating fringe amplitudes. It
arises because plasmons are not only generated/detected beneath the tip apex, but also
weakly at the edge of the graphene. 127 These plasmons travel only the tip-edge distance x
and therefore show twice the fringe spacing of the plasmons generated/detected beneath
the tip apex. As the geometrical decay of the plasmon travelling the tip-edge distance
only once is not known a priori, we allow for a variable decay a ∼ 1 (see sec. 3.4.1).
Nevertheless, because the exp(2iqpl x ) component dominates and we can separate the
exp(iqpl x ) component with Fourier analysis, we can extract Im qpl unambiguously (see
sec. 3.5).

3.6.1. Extracted damping
−1
The inverse damping ratio γpl
= Re qpl / Im qpl is a dimensionless figure of merit of propa√
gation damping. Fig. 3.7b shows the data multiplied with x to isolate the damping decay
−1
−1
exp(−2 Im qpl x ), and visually indicates the significance of γpl
—in this case, γpl
≈ 25.
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−1
This is a significant improvement over the γpl
∼ 5 seen in studies of unencapsulated
29,30
graphene on silicon dioxide.
From spatial damping, the plasmon amplitude decay time τp can be calculated using the
group velocity vg = (d Re qpl /d ω)−1 . In this case vg ≈ 106 m/s, coincidentally the same
as the Fermi velocity of graphene electrons (see Fig. 3.4d). We find τp = (Im qpl )−1 /vg ≈
500 fs, which is remarkably long for strongly confined optical fields, and an order of
magnitude longer than the amplitude decay time of plasmons in silver, the metal with the
longest plasmon amplitude decay time. 128 For surface plasmons at a Ag/SiO2 interface
inverse damping ratios above 20 are only feasible for an energy range where the wavelength
confinement is below two. 8
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Fig. 3.8.: Plasmon damping mechanisms. a The inverse damping ratio as a function of
carrier density at a photon energy of 116 meV.
1 b The inverse damping ratio as a function
of excitation frequency at a carrier density of 7.4 × 1012 cm−2 . Both a and b also show the
theoretical inverse damping ratios due to graphene thermal phonons (blue dashed curve),
charge impurities at concentration nimp = 1.9 × 1011 cm−2 (green dash-dotted curve),
dielectric losses of h-BN (yellow dashed curve) and the combination of graphene thermal
phonons and dielectric losses of h-BN (red curve).

3.6.2. Damping mechanisms
The different possible damping mechanisms of graphene plasmons have been discussed in
sec. 2.1.5. In order to distinguish between them a carrier density dependence can give
important information. Thus we investigate the role of the different damping mechanisms
by measuring the inverse damping ratio as a function of both ns and excitation frequency,
and compare the results in Fig. 3.8 with the calculated damping for various damping
channels. Interestingly, we find experimentally that plasmon damping is constant with
carrier density. The calculations are based on the non-local conductivity σ(q , ω) evaluated
at the plasmon wave vector q = qpl and at the excitation frequency ω. Such calculations
show that charge carrier scattering is strongly modified at high frequency and thus the
effective electron scattering time for plasmons can differ from the transport scattering
time. 110,111 The theoretical models were developed by Alessandro Principi, Matteo Carrega,
Giovanni Vignale and Marco Polini.
Damping from impurity scattering does not play a role for plasmon damping in
these high quality heterostructures, because it would lead to strongly reduced damping for increasing ns , due to increasing electrostatic screening. 110 This is however not
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observed experimentally as seen by the flat carrier density dependence. This trend
is shown by the green dashed dotted curve in Fig. 3.8 which is based on a plasmon
damping theory due to impurity scattering. 110
Damping from intrinsic thermal phonons in graphene shows a much weaker
dependence on ns 111 (dashed blue curve in Fig. 3.8). From quantitative comparison,
we find that (without fitting parameters) this intrinsic damping mechanism accounts
for approximately half the observed damping and thus we conclude that this is one
of the dominant intrinsic damping mechanism. Extensive details on the calculations
of plasmon damping due to thermal phonon scattering are presented in Ref. 111.
Damping from dielectric losses in the substrate provides an additional damping pathway, independent of the electronic damping pathways discussed before. In
particular, the dielectric losses of the h-BN encapsulating the graphene may give
a significant contribution (yellow dashed curve in Fig. 3.8). However the typical
values reported for thick h-BN films do not show a high enough dielectric loss to
account for the losses observed. In the following we present how thin h-BN films
can potentially have higher dielectric losses than the bulk material.

3.6.3. Increased dielectric losses for thin h-BN films
In clean bulk monocrystals Re(ε)/ Im(ε) can be as high as 400. 78,84 However Caldwell et al.
have noticed in measuring the reflection of thin h-BN films in Ref. 78 that the effective
γv,l seems to be larger than bulk. As a result h-BN, especially the very thin upper layers in
this case, may have higher losses as this leads to a decreased Re(ε)/ Im(ε) in the frequency
range of interest of this chapter. In Fig. 3.9 a comparison between clean and damaged
h-BN from Ref. 78 is shown. The simulations were done using the far-field transfermatrix method for layered materials taking into account the thickness of the flakes and
the substrate. For the BaF2 substrate permittivity we use ε = 2. 109
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Fig. 3.9.: Reflection spectra of thin h-BN samples. Comparison between measured
reflection from the supplement of Ref. 78 and simulated reflection for thin h-BN flakes.
The clean h-BN uses the in-plane phonon linewidth of 0.87 meV from Ref. 78. The
simulations of the damaged ones have an increased in-plane phonon linewidth of 3.7 meV
in the case of the 105 nm thick h-BN and 6.5 meV for the 60 nm h-BN.

It is clear that the resonance linewidth reported for thicker (>200 nm) h-BN flakes
becomes broadened for thinner flakes and strongly depends on the thickness. Therefore
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the dielectric losses in h-BN strongly depend on sample geometry and surrounding flake
thickness. The out-of plane phonon width was estimated by using a ratio of 3.5 between
in-plane and out-of-plane width as reported in Refs. 78 and 83 for both very clean mono
crystalline h-BN as well as for polycrystalline h-BN. Considering the strong thickness dependence of the phonon linewidth as seen in Fig. 3.9 these values are realistic. The phonon
linewidths used to calculate the dielectric loss in Fig. 3.8 are 6.5 meV in-plane and 1.9 meV
out-of-plane. A table with different models for the h-BN is shown in appendix A.1 in
Table A.1.
The proposed combination of thermal phonon damping and dielectric losses 111 is in good
agreement with our measurements (red curve in Fig. 3.8). Although the plasmon damping
is affected by the dielectric losses, this work provides strong evidence of the intrinsic
limit graphene plasmon inverse damping ratio of 40–70. This provides a upper bound
on Re σ ∼ 0.05π e 2 /2h at room temperature, much smaller than previously reported. 50,51
This indicates that scattering in such high quality samples is effectively suppressed also for
mid-infrared wavelengths and not only in the transport properties.

3.7. Conclusion
In this chapter we have demonstrated h-BN to be an exceptional environment for graphene
plasmons, yielding high confinement and low levels of damping. We were able to show
that plasmons can have a significantly lower damping than previously reported. In order
to further reduce damping and reach the ultimate limit of plasmon propagation at room
temperature—electron scattering by thermal phonons 111 —it will be necessary to reduce
dielectric losses. This should be possible e.g. by improving the quality of thin h-BN films
or by increasing the carrier density and exciting plasmons with higher energy further away
from the reststrahlen bands of the h-BN. In order to further proof that indeed acoustic
phonons in the graphene are responsible for the decay it would be extremely interesting
to measure propagating graphene plasmons at cryogenic temperatures using a s-SNOM
such as the ones in refs. 113,129. These measurements would give further insight into the
origin of the graphene plasmon damping mechanisms in high quality graphene and could
reach closer to intrinsic damping mechanisms such as electron-electron scattering. 112
The presented device is ideal for applications where tunability and optical field confinement is crucial, such as for routing of plasmons, 27 plasmon lenses, 20,98 tunable sensors, 130
detectors and light-absorbers, 86,131 single-plasmon nonlinearities, 28 and strong light-matter
interactions. 18,132 In the following chapter a phase modulator utilizing the high quality
graphene and in situ tunability of its plasmons is introduced.
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small footprint

In this chapter we will use the unique in situ tunability of the graphene plasmon
wavelength in order to show one of the first potential applications of graphene
plasmons: a plasmonic phase shifter which is able to tune the light phase between 0 and 2π. With a footprint of only 350 nm it is more than 30 times smaller
than the 10.6 µm light free space wavelength. Modulating the amplitude and
phase of light is essential for applications such as wavefront shaping, 133 transformation optics, 20,134 phased arrays, 135 modulators 6 and sensors. 136 Performing
this task with high efficiency and small footprint is a formidable challenge. 137–139
Metasurfaces 6,140 and plasmonics 141 is promising for reducing the footprint even
below the free-space wavelength, but metals exhibit weak electro-optic effects.
Two-dimensional materials, such as graphene, have shown promising performance
as light modulators with small drive voltages. 142,143 The phase modulation is
achieved by spatially controlling the graphene plasmon phase velocity and thus
the optical path length. Due to three independent electric gates the spatial carrier
density profile is tunable by electrostatic gating. We excite graphene plasmons at
a sharp metal edge 98,144 and measure their propagation in the near field. We can
explain our results qualitatively in terms of a simple model using the optical path
length 105 and for a more quantitative understanding we use a complete scattering
theory for plasmons propagating through spatial density profiles. 145
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Graphene plasmons are a versatile tool for integrated photonics and nano-optoelectronics as they provide extreme sub-wavelength confinement of light 29,30,100 while still
offering a long lifetime approaching 1 ps. 100,102 The graphene plasmon phase velocity (and
thus wavelength) is in situ tunable, and can be varied spatially, making it a unique platform
for for transformation optics in two dimensions. 20,146 This has thus far remained a great
challenge and the plasmon propagation was mainly controlled by physical features in the
graphene. 96–98,101
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Fig. 4.1.: Device sketch and measurement principle. The three local gates are used to
independently tune the carrier concentration in the different graphene regions. The phase
shifter voltage VPS is tuned and during all experiments V0 = −10 V is kept constant. The
left and the right local gate are kept at a gate voltage of −10 V for all experiments and
the voltage of the central phase shifter gate is varied for achieving a phase shift. The gate
thickness is 15 nm.The voltage applied to the three gates can be controlled independently.
The plasmons propagate from the launching contact over the phase shifter region and
are ultimately scattered into far-field light using a metallized AFM tip, and subsequently
interfered with the incoming light.

Here, we manipulate for the first time the spatial profile of the plasmon phase velocity
actively employing local metal gates, achieving in situ control of the plasmon wavelength,
as sketched in Fig. 4.1. A plasmon (launched by scattering light on a gold edge) that
propagates trough the tunable spatial carrier density profile picks up a phase, that is
transferred to the photon after scattering of a metallized atomic force microscopy probe
tip. In this way, we are able to steplessly tune the phase shift of the plasmon and the
outcoming photons from 0 to 2π, and experimentally measure this phase in the far-field
with an interferometer. 147,148
We present a simple model based on the optical path length of light to explain our
observations and to provide guidelines for designing such graphene plasmonic phase modulators. Moreover we rigorously calculate the expected phase shift and reflections using
a Lippmann-Schwinger scattering theory approach. This strongly improved understanding of plasmonic phase-control is relevant for the future development of in situ tunable
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metasurfaces, 149 modulators and holds great promise for novel sensor concepts.

4.1. Device
The device was fabricated by Yuanda Gao in the group of James Hone at Columbia
University according to our input. Our device is based on a heterostructure of graphene
encapsulated between two layers of hexagonal boron nitride (h-BN), 100,102 which serves to
preserve the lifetime of the graphene plasmons. The device was assembled by the polymerfree van der Waals assembling technique 35 and then transferred onto 15 nm thin AuPd
local gates. The so-called ”phase shifter gate” has a length of 150 nm and the gaps to the
other gates are 100 nm each. Using these local gates it is possible to spatially control the
carrier density profile. A gold contact is connected by electrical side contact, 35 allowing
for gating of the graphene.
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Fig. 4.2.: Microscope image of the device used for the study. The distance between
the launching gate and the graphene edge is 2.6 µm. The large local gates can be gated by
the contacts 1 and 6 on the left and right, respectively. Contacts 3 and 7 control the phase
shifter gate voltage. Contact 2 is the side-contacted launching contact pad. Terminals 4
and 5 are contacts to another device on the same chip without local gates.

Fig. 4.2 shows an optical microscope image of the device used for the study. The
launching contact, connected to terminal 2, can be seen on the left side. It has been
fabricated according to the recipe described in Ref. 35. The optical illumination is from
the left under an angle of ∼ 45◦ , with polarization perpendicular to the edge of the
launching contact. It is focused with a parabolic mirror onto the atomic force microscope
probe tip.
The local metal gates are defined using electron beam lithography and 15 nm of a AuPd
alloy is evaporated. The graphene and h-BN are first exfoliated onto a freshly cleaned
substrate. The stack of h-BN/graphene/h-BN is then prepared using the polymer-free van
der Waals assembling technique 35 and is transferred onto the local gates. Using electron
beam lithography and reactive ion etching the graphene is shaped into a rectangle. Subsequently the launching contact is defined using electron beam lithography and evaporation
of 75 nm Au.
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4.2. Working principle
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A CO2 laser with a free space wavelength of λ0 = 10.6 µm is focussed onto this elongated
gold contact with a sharp edge. The polarization is perpendicular to the edge as sketched in
Fig. 4.1. This edge provides the necessary momentum matching between far-field photons
and plasmons and thus the light is partially converted into graphene plasmons propagating
away from the edge as a plane wave in the electrostatically doped graphene. 98,144
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Fig. 4.3.: Working principle. a, Simulated spatial carrier density profile and the corresponding spatial profile of the plasmon effective index n, for a range of VPS . Varying
VPS leads to different optical path lengths L. The shaded area indicates the optical path
difference ∆L = 7 µm between VPS = −10 V and VPS = −6 V, equivalent to a phase
shift of ∆φ = 4/3π at λ0 = 10.6 µm. The position of the local gates is indicated at the
bottom. b, Calculated optical path length L from 0 nm to 485 nm for a changing VPS
and a constant V0 = −10 V. The optical path difference for the different configurations is
indicated as ∆L. c, Plasmons propagate from the left and start accumulating a different
phase for different VPS inside the phase shifting region (indicated by the two dashed lines)
due to their different optical path lengths L(VPS ).
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4.3. Measurements and Result
The effect of the plasmon propagation trough this spatial carrier density profile is depicted in Fig. 4.3a. The plasmon effective index n = c /vph , with vph the plasmon
phase velocity and c the speed of light, is related to the gate-induced charge density:
√
vph ∝ λpl ∝ ns . 8,18,24,25,150 The voltage on the phase shifter gate VPS controls n in
the graphene above this gate. After the plasmons propagate through this velocity-tunable
(and thus phase-shifting) region their optical path length (Fig. 4.3b) can be expressed as
Z

b

n(x , VPS )dx

L(VPS ) =

(4.1)

a

where x is the position and a = 0 nm and b = 485 nm are the start and end points of the
phase-shifting region respectively, 105 where the carrier density profile does not change any
more when VPS is changed.
The carrier density profile is simulated by the electrostatic Laplace equation taking into
account the full anisotropic DC permittivity of h-BN as well as the spatial gate profile. 151
For each VPS the carrier density profile is simulated and n(x , VPS ) is then calculated taking into account the full dielectric environment. The carrier-density-dependent graphene
conductivity is calculated using the zero-temperature non-local random phase approximation. 8,18,24,25,150 As the out-of-plane decay length of the plasmons is much smaller than
the thickness of the bottom h-BN the spatial profile of the metal gates does not need to
be taken into account.
Due to the different optical path lengths for different VPS the plasmons accumulate a
different phase φ after propagating through the phase shifter region. The phase difference ∆φ between different optical path lengths can be estimated using the optical path
difference,
∆φ(VPS ) = k0 ∆L = k0 (L(VPS ) − L(−10 V)) .
(4.2)
In Fig. 4.3c we show how the optical path difference ∆L translates into a different phase
for different VPS as they exit the phase shifter region. The wavelength reduction in the
phase shifter region is clear.

4.3. Measurements and Result
In order to experimentally observe the phase shift between different VPS we use a metallized atomic force microscopy probe tip to scan across the sample. The plasmons are
scattered from the probe tip and then recorded as the out-scattered light signal in the
far-field by scattering-type scanning near-field optical microscopy (s-SNOM) (Fig. 4.1).
The measurement is performed in homodyne configuration, where the light passes trough
interferometric arms with a constant length. While scanning the tip across the sample we
observe a plasmon fringe pattern, as shown in Fig. 4.4a), with the full plasmon wavelength
λpl launched by the sharp metal edge on the left. This fringe pattern is measured because
the incident electric field interferes with the plasmon field. 98,144 We do not observe any
plasmons reflected by the gold contact. We also observe a fringe pattern with λpl /2 at
the graphene edge due to edge reflected plasmons interfering with the plasmons launched
by the tip. 29,30,100 The extracted plasmon wavelength at a gate voltage of V0 = −10 V
is λpl ≈ 126 nm for both launched and reflected plasmons (Fig. 4.4a), in good agreement
with the theoretically calculated 128 nm. 100
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Fig. 4.4.: Measurement of full device and a phase shift of π. a, Optical signal of the
full device with the launching contact at 0 nm and the position of all the gates indicated.
For clarity a polynomial background was subtracted. The edge of the graphene is indicated
as vertical solid line at 2670 nm. b, Measurement (data points) and fits (solid lines) of
the absolute value of the fourth harmonic of the optical signal with a smoothed optical
signal background subtracted from both. The phase shift between VPS = −9.5 V and
VPS = −6.5 V is (1.04 ± 0.11)π.

By changing VPS we observe a change in position of the launched plasmon fringes to
the right of the phase shifter region (Fig. 4.4b). The phase shift can be extracted from
the data using the simple relationship ∆φ = kpl ∆x , with kpl = 2π/λpl . We find that the
wavelength of the plasmons to the right of the phase shifting region is independent of
VPS . This confirms that that the carrier density is well defined for the region where we
extract the light phase, and that the phase-shift only occurs in the phase-shifting region
for positions from 100 to 350 nm.
In order to extract φ for different VPS we remove the background optical signal by
subtracting the smoothed optical signal both from data and fitting function. We then
fit launched and edge reflected fringes using Re(r e i φ e ikx ), where φ is the phase we are
interested in and r a real valued amplitude. The plasmon wavevector k = kpl + ki i =
2π/126 nm − 1.5i µm−1 is fixed in order to capture the phase fully in φ. The extracted
−1
inverse damping ratio γpl
= kpl /ki ∼ 30 is in accordance with previous studies on high
quality graphene encapsulated in h-BN at room temperature. 100,102 In order to compensate
for small drifts in the interferometric arm length which can lead to a change in the fringe
position, we measure the phase of the launched plasmons relative to the phase of the
edge reflected plasmons. The edge reflected plasmons are not influenced by VPS as the
graphene edge is ∼2.7 µm away (and thus more than the plasmon decay length) from
the phase shifter gate (Fig. 4.4a). The phase of the edge reflected plasmons is measured
relative to the graphene edge from the simultaneously measured topography. 100
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Fig. 4.5.: Phase shift ∆φ and reflection magnitude. a Calculated and measured phase
shift with respect to the phase of the transmitted plasmon at a gate voltage of −10 V
applied to both the large gates and the phase shifter gate. The blue line is the phase shift
calculated from ∆φ = k0 ∆L using the calculated optical path difference ∆L. The red line
is the phase shift calculated from Lippmann-Schwinger theory. 145 The error bar length of
±0.11π is the standard deviation of the extracted phase of the launched plasmon for 12
measurements with VPS = V0 = −10 V. b Calculated reflection magnitude from the phase
shifting device for a plane wave plasmon coming in from the left, i.e. from the direction
of the launching structure in Fig. 4.1.

In Fig. 4.5a we show the measured phase shift ∆φ relative to the plasmon phase measured at VPS = V0 = −10 V. We observe a fully tunable phase shift from 0 to 2π for a
6 V range. The blue line is the phase shift calculated from the optical path length approximation (OPLA) 105 using eq. 4.2, without fitting parameters. A good agreement with
experiments is reached for small VPS − V0 but stronger deviation is clearly visible for larger
VPS − V0 . In section 4.4 we explain how this discrepancy can be explained and how a more
sophisticated model gives a complete agreement between theory and experiment.

4.3.1. Measurement details
The s-SNOM used was a NeaSNOM from Neaspec GmbH, equipped with a CO2 laser
operated at 10.6 µm with ∼ 20 mW power. The metallized probes were commerciallyavailable atomic force microscopy probes with an apex radius of ∼ 25 nm. The tip height
was modulated at ∼ 250 kHz with ∼ 100 nm amplitude. The probe tip was electrically
grounded. The beam splitter used is a ZnSe window. The measurements were all performed
at ambient conditions and room temperature. In order to have a background free signal
the fourth harmonic of the scattered light signal was used. The spacing between the
pixels is 3.9 nm and the integration time per pixel 13 ms. The gate capacitance density
is 7.29 × 1011 e cm−2 V−1 , where e is the elementary charge. The h-BN DC permittivity
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is 6.7 in-plane and 3.56 out-of-plane and the permittivity at 10.6 µm is 8.341 + 0.023i
in-plane and 1.932 + 0.006i out-of-plane. 100
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Fig. 4.6.: Experimentally measured plasmon signals. Measured edge-reflected (blue
line) and pad-launched (red line) plasmon signals, and their respective best-fits (green and
light blue lines) for different values of the phase-shifter gate voltage between −10 V and
−4 V. All the other gates are held at −10 V. For the sake of clarity the two signals are
shown closer in space than they actually are.

In Fig. 4.6 we show the raw data of the launched as well as edge reflected plasmons and
the corresponding fits. It is clear that the fits and data agree well.
As explained we fit both reflected and launched fringes using Re(ae i φ e ikx ), where φ is
the phase we are interested in and a is a real valued amplitude and we keep the plasmon
wavevector k = kpl + ki i = 2π/126 nm − 1.5i µm−1 constant for all fits. This guarantees
that the phase of the fringes is fully captured in φ. The position of the graphene edge
is measured from the simultaneously acquired topography and is used as reference point.
This enables us to use the phase of the edge reflected fringes as an absolute reference
to compensate for potential drifts in the length of one of the interferometric arms which
would lead to an observed change in fringe position in absence of an actual change of the
plasmon phase.
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4.4. Lippmann-Schwinger scattering theory
In order to quantitatively understand the behaviour of the phase shift, we employ a scattering approach that parallels Lippmann-Schwinger single-particle quantum scattering theory,
which we termed Lippmann-Schwinger-Random Phase Approximation (LS-RPA). This approach reduces to the OPLA when the plasmon wavelength is much smaller than the length
scale over which the carrier density changes. As for our device, these two lengthscales are
comparable, the LS-RPA approach is required. This approach has been developed by
Iacopo Torre and Marco Polini at IIT and is explored in great detail in ref. 145.
Numerical results obtained with the LS-RPA approach as shown in Fig. 4.5a are in
excellent agreement with experimental data. The essence of the LS-RPA approach is the
following: We start by considering an inhomogeneous system where spatial variations of
the carrier density profile are confined to a limited region of space. Outside this region
plasmon modes that freely propagate as plane waves are supported, which can be used to
define incoming and outgoing plasmonic ”states”. 145 Complex transmission and reflection
coefficients are evaluated from a long-wavelength expansion of the proper density-density
linear response function. This is the point where the Random Phase Approximation (RPA)
for an inhomogeneous electron system 145 is carried out, to approximate the proper density
response function with the non-interacting one. Keeping only the leading term in the longwavelength limit, one recovers the local approximation, 152 where only the local frequencydependent conductivity function matters. A more quantitative understanding of the data,
however, requires the first non-local correction to the long-wavelength expansion. 145
Using this approach we also calculate the expected reflection coefficient |r |2 for this
device which is very small (Fig. 4.5b), owing to the smooth change of the plasmon wavelength. This makes this type of device an ideal candidate as a modulator as unwanted
reflections are minimal. Indeed we do not observe plasmons reflected by the split gate as
there are no plasmon fringes with spacing λpl /2 observed next to the phase shifting region.

4.5. Equivalent circuit model
One important characteristic of a phase modulator is the half-wave voltage Vπ , the voltage
that needs to be applied to change the phase by π. Smaller voltages means more efficient
operation. The voltage-length product Vπ l reached is 2.5 V µm, more than an order of
magnitude smaller than for plasmonic phase modulators based on other materials. 153 By
decreasing the thickness of the bottom h-BN Vπ can even be further reduced. We have
modelled our modulator using an equivalent circuit model (Fig. 4.7a) and find that the
RC switching time can be up to ∼ 1 THz, but the real switching time will be limited be
limited by other processes. In Fig. 4.7b we see the frequency response of the system.
The frequency cutoff of this equivalent circuit model is above ∼ 1 THz for these device
parameters. We remark that the coupling efficiency from light to plasmons for these
devices is very low. Improved matching schemes and resonant structures 149 are required
for the development of practical modulators or metasurfaces.
We estimate the frequency response by modelling our device with an equivalent circuit.
The software used is LTspice IV 4.23. In Fig. 4.7a we show the model. The contact
resistance Rcontact is a relevant parameter and should be kept small. The value of 220 Ω
was calculated from a contact resistance of 1000 Ω µm, which is well within technical ca51

4. Plasmonic phase modulation with a small footprint
Rcontact =
222Ω

Rleft =
2.4Ω

Lleft =
1.2pH

RPS =
LPS=
5.42Ω 2.71pH

CPS =
1.84fF

Cleft =
1.05fF

V0 =
10V

Cright =
11.6fF

ṼPS =
6V

Potential difference (V)

b

0

6
4

−60

2

−120

0 0
10

103

106

109

1012

Phase (◦ )

a

−180

f (Hz)

Fig. 4.7.: Equivalent circuit model of the phase modulator. a Scheme of the equivalent
circuit model with definitions of all the parameters. The potential difference is measured
between the two voltage probes indicated in red and grey. b Bode plot of the frequency
response of the potential difference between the voltage source and the phase shifter gate.

pabilities and easily reachable for typical edge contacted graphene devices. 35 The assumed
channel width was 4.5 µm. In order to calculate the resistances and inductances in Fig. 4.7a
we used the Drude conductivity of graphene with a carrier lifetime of 500 fs, and for the
capacitances a relative d.c. permittivity of h-BN of 3.56. The simulated length of the left,
center, and right gate is 350 nm, 350 nm, and 2.2 µm respectively. The voltage applied to
the left and right gate are 10 V and 6 V to the phase shifter gate in order to simulate a
phase shift of π.

4.6. Conclusions
To conclude, we have implemented a novel approach for ultra-compact voltage-tunable
plasmonic phase control by spatially controlling the graphene plasmon phase velocity. By
decreasing the gap size between the phase shifter gate and the other gates it will be possible to even further decrease the footprint of such a modulator. By pushing towards higher
carrier concentrations it could be possible to build such modulators in the technologically
relevant telecommunication wavelength range around 1.5 µm, as near-infrared plasmons
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have recently been observed. 154,155 The same type of device could also be used for amplitude modulation of light 156 or on-chip sensing by plasmon interferometry. The device also
enables extremely small footprint interferometers for example in Mach-Zehnder configuration for plasmonic biosensing. By nano-structuring the phase shifting region, it would be
possible to make phased arrays to control, steer and focus light in situ on the nanoscale. 149
This work thus constitutes a first step towards two-dimensional transformation optics 20
which can be employed for ultra-compact phase modulators 137 and biosensing. 21

53

II
Near-field photocurrent
nanoscopy

In this part of the thesis an introduction to photocurrent in graphene is given. A
focus is put on the photothermoelectric effect as it dominates in the experiments
introduced after. An overview over different ways of measuring photocurrent is
given and near-field photocurrent nanoscopy based on s-SNOM is introduced as a
new tool to measure photocurrent with a wavelength independent resolution. In
the following chapter it is shown how near-field photocurrent nanoscopy can be
used to access different optoelectronic properties of graphene at the nanoscale.
Then it is presented how we can electrically detect graphene plasmons in the
mid-infrared and terahertz using this technique. Finally electrical detection of
hyperbolic phonon polaritons in hexagonal boron nitride and how this can be
exploited to greatly enhance the photoresponse of graphene photodetectors in
the mid-infrared is introduced.

5. Background
Photodetectors are an essential technology with far-reaching applications from optical
communication to biomedical sensing. 157,158 Graphene photodetectors are promising due
to their broadband absorption, fast response time, 53,66,159 potential flexibility 160 and large
area production capabilities. 161 Furthermore the possible integration of graphene with existing CMOS-technology could enable rapid development of and integration into production
of graphene photodetectors. 63 In the next sections I will introduce the photo-thermoelectric
effect which is responsible for photocurrent generation of the devices and measurements
introduced in the following chapters.

5.1. Photocurrent generation via the
photo-thermoelectric effect
In graphene, the dominant mechanism that gives rise to photocurrent IPC is typically the
photo-thermoelectric effect (PTE). 158 It has been shown to dominate from the visible 162
to the mid-infrared 163,164 in many different experimental configurations, such as at contacts, 164 single/bilayer interfaces 54,165 and pn-junctions. 162,166 The photo-thermoelectric
effect is a very prominent effect for graphene photodetectors. Photoexcited hot electrons
can create a photovoltage VPTE due to the Seebeck effect. 158 Because in the case of the
PTE the electronic system is heated extremely high bandwidths can be achieved. 53

Fig. 5.1.: Seebeck coefficient calculated for graphene using the Mott formula. The
blue solid curve indicates the carrier density dependent Seebeck coefficient calculated using
the Mott formula as a function of gate voltage VG1 . The black dashed dotted line is the
Seebeck coefficient for a fixed doping. The positions of the sign change are indicated with
red circles both here and in Fig. 5.2.

In simple terms the PTE in graphene can be described as IPC ∝ (S2 − S1 )∆T , where S1,2
are the Seebeck coefficients in two graphene regions and ∆T the difference in electronic
temperature between the two regions.
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Fig. 5.2.: Calculated six-fold pattern of the photocurrent in graphene indicating the
thermoelectric origin. The multiple changes of sign are a clear indication of a photothermoelectric origin of the photocurrent. At VG2 ∼ 62 V we find S2 = −50 µV/K as
shown in Fig. 5.1. The positions of the sign changes are indicated with red circles.

More accurately the current IPC induced due to the photo-thermoelectric effect can be
calculated by: 162,167

IPC

1
=
RW

ZZ

∂ T (x , y )
S (x , y ) dxdy
∂x

(5.1)

where R is the total resistance including graphene, contacts and circuitry, W the device
width and x the current flow direction. T is the optically induced electron temperature and
S the spatially varying Seebeck coefficient in graphene. This simple formula is valid only
for rectangular graphene devices and special care needs to be taken for arbitrary shapes. 168
In graphene the Seebeck coefficient is dependent on the electrical conductivity σ is
described by the Mott formula: 167,169,170

S =−

π 2 kB2 T 1 d σ
3|e | σ dE

E =EF

(5.2)

where e is the electron charge and kB is the Boltzmann constant. A calculated gate
dependent Seebeck coefficient is shown in Fig. 5.1. We can see a clear non-monotonic
behaviour of the Seebeck coefficient.
It is evident that by changing the gate voltage and thus the Seebeck coefficient it
is possible to tune the photocurrent according to eq. (5.1). Indeed in the case of two
independently tunable gates it is possible to observe a so-called six-fold pattern (Fig. 5.2)
in the gate dependence of the photocurrent. The double sign change is due to the nonmonotonic behaviour of the Seebeck coefficient. As IPC ∝ S2 − S1 it is clear that there are
two sign changes of the photocurrent associated with the configuration shown in Fig. 5.1
where S2 is constant and S1 is changing according to eq. (5.2). The first sign change is
expected at VG1 ∼ 4 V and the second one at VG1 ∼ 62 V. These voltages are marked
with red circles both in Fig. 5.1 and 5.2 and indeed the sign changes are observed. This
six-fold pattern is a clear evidence that a PTE is measured and not a photovoltaic effect
for which only a single sign change is observed. 167
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5.1.1. Carrier dynamics in graphene
The carrier dynamics upon shining light onto graphene are relevant for understanding the
process of photocurrent generation in graphene. The heating dynamics are important to
know the temperature of the electron system and the cooling dynamics in order to know
how long hot carriers live and thus how much photocurrent is generated. In Fig. 5.3 we
show what determines these carrier dynamics. Directly after the excitation, there is a nonequilibrium, non-thermal distribution, but within ∼ 100 fs, there is a quasi-equilibrium,
thermal distribution with an elevated electron temperature (broadened Fermi-Dirac distribution). 53 After this the carriers cool down through different mechanisms, which are
briefly introduced in the following.

Fig. 5.3.: Hot carrier dynamics in graphene. a A photon with energy Ephot gets
absorbed generating an electron-hole pair. b Part of the electron energy is transferred
to the electron system via scattering with other electrons forming a hot-electron gas.
Strongly coupled optical phonons (SCOPs) transfer part of the energy to the lattice. 171 c
The hot-electron gas then cools down with different mechanisms. It can cool down through
emitting phonons to the substrate. And it can cool via normal-collision or super-collision
cooling. d The time development of the electron temperature increase ∆Tel showing the
creation of hot-electron gas and the time dynamics of the cooling. 53 e The Fermi-Dirac
distribution fFD (E ) is out of equilibrium due to the photoexcitation (Photoexciation). The
electron temperature is increased due to the hot electrons (Heating). While cooling down
the initial Fermi-Dirac distribution is being restored (Cooling). (This figure is copied with
permission from ref. 172)

Substrate cooling is an efficient cooling pathway for hot electrons in graphene by
the graphene coupling with polar phonons in the substrate, such as SiO2 . 173 It is
indeed one of the most dominant cooling mechanisms and associated with the g
value introduced in section 6.1. 173,174 More recently also h-BN hyperbolic phonon
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polaritons have been shown to be an efficient way to cool the electron system of the
graphene. 174
Super-collision cooling is due to disorder-mediated scattering in graphene and is
known to be a limiting factor for cooling of hot-electrons in graphene. 175–177
Normal-collision cooling is due to hot electrons releasing their energy via momentumconserving scattering with acoustic phonons of the graphene lattice and thus thermalizing with the lattice. These normal-collisions are expected to happen on a nanosecond timescale and are considered to be the intrinsic limit of lcool in graphene. 178
However the mechanisms discussed before are typically much faster and thus normalcollision cooling only plays a minor role for hot-electron cooling in graphene.
All of these cooling mechanisms determine the cooling length lcool of hot-electrons in
graphene and thus influence the resolution of the near-field photocurrent technique as
described in section 6.1.

5.2. Mid-infrared photodetection in graphene
The mid-infrared frequency range is a technologically extremely important range for a
manifold of applications ranging from biomedical sensing to thermal imaging. 158 This is
because the vibrational modes of many molecules fall into the mid-infrared range which
makes it an ideal range for spectroscopy of biological samples. Furthermore thermal radiation emitted from warm objects falls into this range.
Graphene photocurrent generation in the mid-infrared has been studied extensively
with different origins. 87,163,164,179–182 The main photocurrent generation mechanisms for
graphene devices without applied bias voltage in the mid-infrared is just like in the visible spectral region the photothermoelectric effect. 163 As direct absorption of graphene in
the mid-infared is low due to Pauli blocking (see section 1.2) different ways to increase
the absorption of graphene and thus the sensitivity of photodetectors have been explored.
Different ways to improve the responsivity of graphene photodetectors in the mid-infrared
are by exciting plasmons in nanostructured graphene 87 or by surface phonons in the substrate. 164,180
As the PTE in graphene can be very fast 53 detectors based on this effect will allow high
bandwidth mid-infrared detection using graphene. Also the other advantages of graphene
photodetectors such as their tunability, potential flexibility and integration with existing
CMOS-technology translates directly into the mid-infrared. 157

5.2.1. Scanning mid-infrared photocurrent setup
In order to measure spatially resolved photocurrent maps in the mid-infrared we built a
scanning photocurrent measurement setup in which the photoresponse of graphene devices
can be measured spatially resolved. It is used for far-field measurements of the encapsulated
graphene photodetectors discussed in chap. 9. A sketch of the setup is shown in Fig. 5.4.
The light source used is a monochromatic quantum cascade laser (QCL) tunable from
6-10 µm wavelength (Block Engineering Laser Scope). In order to improve the signal to
noise level of the measurements we measure the photocurrent using lock-in amplification.
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Fig. 5.4.: Scanning mid-infrared photocurrent setup. Far-field setup used to measure
the spatial photocurrent pattern in graphene infrared photodetectors. ZnSe lenses with
different focal lengths f are used to build a telescope setup in the mid-infrared in order to
increase the beam diameter to ultimately be able to focus the light more tightly.

For this the light is modulated using a mechanical chopper, typically at a frequency of
423 Hz.
The light is focussed using a ZnSe lens system to a spot size with a full width at half
maximum of about twice the light wavelength. This is achieved by placing a beam expander
before the focusing lens in order to increase the numerical aperture of the focusing optics.
The sample is mounted onto a motorized xyz-stage with micrometer precision control over
the position. As the focal position of the laser spot at the sample position depends on the
wavelength due to the dispersion of ZnSe in the mid-infrared the position of the sample
has to be corrected as a function of wavelength. In the setup it is also possible to acquire
transmission at the same time but this feature is not used in the following experiments.
The setup is inside a box which can be flushed with nitrogen gas in order to have a dry
atmosphere to avoid absorption by water vapour which is very prominent in our wavelength
range.
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One of the major drawbacks of the far-field setup described in section 5.2.1 is that its
resolution is limited by the diffraction limit and thus for the case of mid-infrared light
to a length scale on the order of tens of micrometers. For many applications especially
when characterizing optoelectronic properties of graphene this is not sufficient and a much
higher spatial resolution is desired.
Moreover other existing technologies for determining the optoelectronic properties of
graphene can have one or more of the following drawbacks. Available techniques are
invasive, 183 rely on specifically designed device structures, 184–186 image only very small areas, 58,59,185,187–189 rely on high doping of the graphene, 96 need unhindered electrical access
of the probe to the graphene, 58,59,185,187,188 or lack the desired nanometer resolution 190
and are generally difficult to implement. Therefore, a nanoscopic tool that probes both
electrical and optical response of graphene devices at nanometer length scales is highly
desired. For example the commonly used Raman microscopy 190 is an excellent tool to
spatially study large area graphene but as a diffraction limited technique it lacks the possibility to optimally resolve nanoscale features such as grain boundaries 183,184 or charge
puddles.
Scanning near-field photocurrent nanoscopy, 191–194 with nanometer resolution at infrared
frequencies is a new technique developed to characterize optoelectronic devices overcoming
many of the drawbacks of other techniques described before. The technique allows us
to directly measure the optoelectronic properties of graphene devices that affect their
performance spatially resolved. It is fully non-invasive and can be applied to devices that
are used later-on for real applications. In addition, the mid-infrared frequency range inhibits
photodoping effects, 126 and enables the characterization of encapsulated devices. It is a
promising tool performing measurements at room temperature and ambient conditions
with nanometer spatial resolution and without the need of special treatment or device
geometries. 2,36 In general, this technique operates most effectively with mid-infrared light
because it does not lead to photodoping in the case of graphene 126 and it is more stable
in operation, compared to visible light.
The measurement principle is sketched in Fig. 6.1. The setup is based on a scatteringtype scanning near-field optical microscope (s-SNOM) 30,36,96,98–100,117 augmented with
electrical contact to the sample to measure currents in situ. For scanning near-field infrared
photocurrent nanoscopy we do not measure the outscattered light signal but rather directly
measure current induced by the near-field as explained in the following. A mid-infrared laser
illuminates a metallized atomic force microscope probe, which is tapping at its mechanical
resonance frequency Ω . A part of the incoming light, which is polarized parallel to the
shaft of the probe, excites a strong near-field at the tip apex due to an antenna effect. 36
This near-field is on the order of 25 nm, limited only by the tip radius and is completely
wavelength independent. 2,36
The near and far fields impinging on the device induce charge flows in the device mainly
due to the photo-thermoelectric effect. They drive currents into an external current am60
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Fig. 6.1.: Sketch of the scattering-type scanning near-field optical microscope setup
working principle. A mid-infrared laser illuminates the atomic force microscope tip and
generates a near-field at the tip apex. The near-field is absorbed by the graphene and
heats charge carriers in the graphene which consequently leads to a position dependent
photocurrent in the graphene. The blue region in the graphene lattice represents a grain
boundary with a modified Seebeck coefficient which leads to a net current flow. In the
measurements for each position only magnitude and direction of the current can be measured. This sketch for illustrative reasons shows photocurrent at a grain boundary but the
technique is not limited to this system as will be shown in detail in the following chapter.
The sketch of the working principle is not to scale.

plifier via attached contacts on the device. We isolate the part of the current that is
induced by near fields by demodulating the current at the second harmonic of the tip
tapping frequency using a lock-in technique. 36 This demodulated current is denoted IPC
and referred to as near-field photocurrent. It is obtained together with near-field optical
and topography information which can be used for obtaining complementary information.
As to the physical mechanism of the photocurrent, we consider the photo-thermoelectric
effect that has been shown to dominate the photoresponse of graphene from the visible to
the infrared. See for example refs. 54,158,162,164,166,167. The light (in this case, the
tip-enhanced near-field) locally heats the graphene, and this heat acts via non-uniformities
in Seebeck coefficient S to drive charge currents within the device and into the contacts.
Therefore, we interpret the variations of IPC in terms of microscopic variations in S . The
Seebeck coefficient, which depends on material properties such as carrier density and
mobility, is a measure of the electromotive force driven by a temperature difference in a
material. A complete description of IPC needs to take into account the carrier cooling
length 162,167 and overall sample geometry. 168 A quantitative model of the thermoelectric
photocurrent mechanism can be found in section 5.1.

6.1. Limits of the resolution
As explained before the advantage of the near field photocurrent technique presented here
is that the spatial resolution is unaffected by light diffraction length scales, and instead
limited by the ∼ 25 nm near field extension due to the tip apex radius.
Also the cooling length lcool of charge carriers in graphene influences the resolution. The
carrier cooling length lcool is determined by an interplay of carrier cooling via internal and
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Fig. 6.2.: Spatial resolution of near-field photocurrent nanoscopy. Topography
(brown) and near-field photocurrent (red) at an edge of graphene on top of a self assembled monolayer. The photocurrent going to zero over a similar distance as the topography
shows that the photocurrent resolution is on the order of the size of the probe tip shows
the extremely high spatial resolution of the technique.

p
external parameters as described in section 5.1.1. The carrier cooling length lcool = κ/g ,
where κ the thermal conductivity in plane and g the thermal conductivity out-of-plane to
the heat sinking substrate, describes how far heat propagates through the charge carriers,
before dissipating to the environment. 167 Thus in the case of a constant coupling efficiency
of the near-field to the graphene any feature will be limited in resolution by the cooling
length. The fact that a larger lcool leads to a reduced resolution indeed means that for
higher quality graphene which has a larger lcool our technique has a worse resolution than
for low quality graphene.
Fig. 6.2 shows a near-field photocurrent measurement at a graphene edge. The wavelength of the light used is 10.6 µm while we observe features in the photocurrent at similar
nanometer size scales as the sample topography. We can quantify the resolution by observing the change in IPC as the tip is moved over the edge of graphene. The full width
at half maximum of the photocurrent peak at this location is ∼100 nm, matching the rise
distance in the topographic signal. This resolution is indeed comparable to the tip radius
of ∼ 25 nm, and more than two order of magnitude below any limits relating to the 10 µm
free space light wavelength. 195 It has also been shown that this high resolution extends
until the terahertz spectral range with light wavelengths on the order of ∼100 µm where
the observed resolution is still only 50 nm. 116 In the case of Fig. 6.2 and ref. 116 the
measurements have been performed on low quality graphene grown with chemical vapor
deposition and thus a very short cooling length leading to the high resolution achieved.

6.1.1. Model of the temperature profile
For the temperature profile T (x ) we consider that the heat spreads in two dimensions with
heat sinking to lattice and substrate, producing a T (x ) profile described by a modified
Bessel function of the second kind, with a finite tip size correction (Fig. 6.3).
In order to describe the photocurrent in graphene with a model it is of great importance
to correctly describe the heat profile within the graphene as the heat profile in combination
with the Seebeck profile lead to the photocurrent pattern.
Graphene on top of a substrate is a two dimensional material with the substrate acting
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Fig. 6.3.: Temperature profile created in an infinite graphene sheet with a cooling length
lcool = 200 nm and a finite tip size correction of 25 nm shows the heat change profile ∆T
generated by the near-field in the graphene.

as a heat sink, as for typical substrate materials, such as SiO2 , the thermal conductivity
is much larger than for air. The two dimensional heat equation in steady state with an
additional term for heat sinking can be written as:
0 = κ∇2 Tel + P − g (Tel − Ts ),

(6.1)

where Tel is the electron temperature, Ts is the constant heat sink temperature, κ the
thermal conductivity in plane, g the thermal conductivity out of plane to the heat sinking
substrate and P the power density of the heat source.
In using this equation, we assume that the electron heat cools to the lattice, but then
that the lattice can pass on any heat much more easily to substrate. In that way the
temperature of the lattice does not change significantly. This is convenient because the
lattice itself has a different thermal length which would complicate matters.
If we take the two-dimensional case and a point source for P ,

P = Ptotal δ(x )δ(y )

(6.2)

then the solution of the two dimensional heat equation eq. (6.1) turns out to be:


|r |
(6.3)
Tspot = T0 K0
lcool
p
where K0 is p
the modified Bessel function of the second kind, r = x 2 + y 2 , the cooling
length lcool = κ/g and the maximum temperature rise T0 = Ptotal /(2πκ).
If we also include ltip to approximate the effect of the finite tip size we end up with a
heat spot of the following form:
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(6.4)
Tspot (x 0 − x , y 0 − y ) = T0 K0 
2
lcool
A typical temperature profile as calculated by eq. 6.4 with a finite tip size approximation
ltip = 25 nm, the actual radius of the tip, and a cooling length of lcool = 200 nm is shown
in Fig. 6.3. In the following a 25 nm finite tip size correction, in accordance with the
physical tip size, was used for simulations unless otherwise stated.
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6.1.2. Model of a pnp-junction
In Fig. 6.4 we show how the photocurrent pattern from a pnp-junction looks like where the
p and n regions are extended to a size larger than the heat spot size. The photocurrent
pattern is simulated using eq. (5.1). In this case the photocurrent at the pn- and npjunction respectively has one sign. In the simulation shown the electrical contacts are on
the left and right outside of the shown region. While the the change between p- and n-type
region which is responsible for a net photocurrent is abrupt (Fig. 6.4a) the photocurrent
extends over a certain region (Fig. 6.4b) which in this case is mainly due to lcool , as here
lcool  ltip .
b
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Norm. Seebeck coeff.

1 µm

0.5

0.0
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Fig. 6.4.: Simulation of near-field photocurrent from a pnp-junction. a Spatial Seebeck coefficient profile for two p- and one n-type region. Their doping is assumed to be
of the same magnitude of opposite sign leading to opposite sign Seebeck coefficients with
the same magnitude (see Fig. 5.1). b Photocurrent generated by the pn- and np-junction
with a cooling length of 200 nm and a tip size of 25 nm.

For calculating IPC at each position one has to do a convolution of the spatial Seebeck
coefficient profile with the temperature gradient. This is numerically very expensive and
the simulations can take a long time. In order to more efficiently simulate a photocurrent
map for an arbitrary spatial Seebeck profile we use the convolution theorem which allows
us to just multiply the Fourier transform of spatial Seebeck coefficient and temperature
gradient, multiply them and inverse Fourier transform them. This is computationally
much faster and the simulation time is greatly reduced. This method was employed for all
simulations shown unless stated otherwise.

6.2. Near-field photocurrent nanoscopy setup
The setup used is based on a Neaspec neaSNOM microscope with an additional current
amplifier (Femto DHPCA-100). For the current amplifier it is important that its cutoff
frequency is well above 500 kHz. This is because a typical tapping frequency used for the sSNOM operation is ∼ 250 kHz and in order to suppress background signal we typically work
at the second or third harmonic, thus well above 500 kHz. It is equipped with a CO2 laser
operated at 10.6 µm wavelength, away from the phonon resonance of SiO2 . 164 Furthermore
it also has a tunable monochromatic quantum cascade laser (QCL) source which allows us
to measure inside the reststrahlen bands of h-BN. The probes were commercially-available
metallized atomic force microscopy probes with an apex radius of ∼ 25 nm. The tip
height was modulated at a frequency of ∼ 250 kHz with an amplitude of 60–80 nm. The
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near-field photocurrent IPC was obtained from the second harmonic demodulation of the
photocurrent signal in order to suppress the background photocurrent signal due to the
illumination of the complete device. 117
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7. Photocurrent nanoscopy of different
graphene devices

In this chapter we will employ the previously introduced near-field photocurrent
nanoscopy to characterize the opto-electronic properties of a variety of graphene
devices in the mid-infrared.
Opto-electronic devices utilizing graphene have already demonstrated unique
capabilities, which are difficult to realize with conventional technologies. 158 However, the requirements in terms of material quality and uniformity are very demanding. A major roadblock towards high-performance devices are the nanoscale
variations of graphene properties, which strongly impact the macroscopic device
behaviour. 59 Here, we present and apply opto-electronic nanoscopy to measure
locally both the optical and electronic properties of graphene devices. This is
achieved by combining scanning near-field infrared nanoscopy with electrical device read-out, allowing infrared photocurrent mapping at length scales of tens
of nanometers. 191–194 We apply this technique to study the impact of edges
and grain boundaries on spatial carrier density profiles and local thermoelectric
properties. Moreover, we show that the technique can also be applied to encapsulated graphene/h-BN devices, where we observe strong charge build-up near
the edges, and also address a device solution to this problem. The technique enables nanoscale characterization for a broad range of common graphene devices
without the need of special device architectures or invasive graphene treatment.
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7.1. Grain boundaries
As large scale integration and wafer scale device processing capabilities of graphene
have become available, 196–203 technological implementations of electronic and opto-electronic graphene devices are within reach. 63,158,204 At the same time, to achieve high device
performance, any imperfections at the nanometer or even atomic scale need to be minimized or even eliminated. For example, in large area graphene, grown by chemical vapour
deposition (CVD), grain boundaries are the stitching regions between different monocrystalline parts of graphene and act as carrier scatterers, limiting the graphene mobility
and uniformity. 184,205 These nanoscale defects are elusive to many standard characterization techniques without special treatment of the graphene. 206,207 In addition, even perfectly monocrystalline graphene is still highly sensitive to its environment, and on typical
substrates charge-density inhomogeneities (charge puddles) 58,59,65,208–210 and additional
doping near contacts, defects and edges arise, which reduce the device performance as
well. Therefore it is important to efficiently probe the nanoscale opto-electronic properties
of graphene and to understand the microscopic physical behaviour.

0.0

5 µm

IPC (nA)

0.2

−0.2

Fig. 7.1.: Near-field photocurrent from grain boundaries. IPC map at a backgate
voltage VBG = 0 V of a CVD graphene device with three contacts: top left (drain), right
(source) and bottom left (ground). Both grain boundaries and wrinkles show characteristic
photocurrent patterns. The green box indicates the measurement region in Fig. 7.2a,b. A
Raman map of the same device is shown in Fig. 7.6.

In this chapter we demonstrate how the previously described fully non-invasive roomtemperature scanning near-field photocurrent nanoscopy 191–194 is used with infrared frequencies. We use it to study the nanoscale opto-electronic properties of devices that can
later be used for real applications. This technique allows measuring the properties of
graphene devices that affect their performance with high spatial resolution in atmospheric
conditions. We apply this technique to study the microscopic physics of grain boundaries (see sec. 7.1) and charge density inhomogeneities, the so-called charge puddles (see
sec. 7.2). In addition, we study encapsulated graphene devices, 35,211 where the encapsulation would prevent many other scanning probe techniques from accessing local properties
of graphene.

7.1. Grain boundaries
We first discuss the application of this infrared near-field photocurrent technique to grain
boundaries, which are responsible for some of the line-shaped features in the photocurrent
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Fig. 7.2.: Near-field photocurrent working principle and photocurrent from grain
boundaries. a Topography of etched CVD graphene does not show grain boundary but
only wrinkles and other inhomogeneities due to the transfer process. b IPC at VBG = 0 V
clearly shows a grain boundary and the expected sign change around it. The black dashed
line indicates the measurement positions in Fig. 7.3a,d. c Topography (brown) and IPC
(red) measured at the brown line in a and the red line in b respectively.

map in Fig. 7.1b. The region within the green frame is shown with higher resolution in
Fig. 7.2b, exhibiting a strong photocurrent signal that changes sign along a sharp boundary,
yet the graphene is topographically flat in the vicinity of this boundary (Fig. 7.2a). We
show now that this type of feature indicates a grain boundary.
The CVD graphene was transferred onto a self-assembled monolayer 212 on 285 nm of
SiO2 in order to stabilize the charge neutrality point. The contacts were defined using optical lithography with Ti(5 nm)/Pd(35 nm). The graphene was transferred onto deposited
contacts. The device was fabricate by Gabriele Navickaite and Davide Janner at ICFO.
Figure 7.3a shows a line profile of IPC across the boundary feature identified in Fig. 7.2b.
This antisymmetric IPC can be explained by a localized deviation in S at the boundary, i.e.
a line defect within an otherwise uniform thermoelectric medium. Indeed, grain boundaries
behave as localized lines of strongly modified electronic properties, within otherwise uniform graphene. 96,183,185,213,214 We remark that the decay of the photocurrent away from
the boundary extends over more than 100 nm, which is due to a larger hot carrier cooling.
We find in this case lcool = 140 nm.
To gain more insight in the Seebeck coefficient at the grain boundary, we tune the carrier
density by a global gate (Fig. 7.3d). We observe that the antisymmetric spatial photocurrent profile changes sign as the backgate voltage VBG passes the peak in resistance, i.e., the
global charge neutrality point VD . The Seebeck coefficient SG of graphene itself changes
sign at the charge neutrality point 162,166,170,215 (Fig. 7.3c), thus our data implies that the
Seebeck coefficient of the grain boundary SGB is always smaller in magnitude than SG ,
since IPC (VBG ) ∝ SG (VBG ) − SGB (VBG ).
Using a polycrystalline graphene model (developed by Jose E. Barrios-Vargas and Aron
W. Cummings in the group of Stephan Roche at ICN2), we compute the resistance due
to grain boundaries using a Kubo transport formalism and real space simulations. 206 SGB
is the ratio of the first- and zero-order Onsager coefficients. Indeed we find that SGB is
always smaller in magnitude and has a similar lineshape as SG in the carrier density range
measured (Fig. 7.3c). Fig. 7.3e shows a simulation of the photocurrent for the calculated
Seebeck coefficients, which is in excellent agreement with the measurements.
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Fig. 7.3.: Photocurrent profile at a grain boundary and its gate voltage dependence.
a Photocurrent profile, measured at the black
1 dashed line in Fig. 7.2b, perpendicular to
the grain boundary at VBG = 0 V shows good agreement with the photo-thermoelectric
model with lcool = 140 nm. The modelled spatial Seebeck profile (with FWHM 20 nm) is
shown in black. b Two-probe device resistance as a function of VBG . c Simulated Seebeck
coefficient SG for pristine graphene (solid line) and SGB for polycrystalline graphene with
an average grain size of 25 nm (dashed line). d Backgate dependent photocurrent profile
perpendicular to the grain boundary shows that the grain boundary changes its sign at the
charge neutrality point. e Simulated backgate dependent photocurrent profile based on
the Seebeck profiles in c.

7.1.1. Topography, Optical Signal, Photocurrent
Mid-infrared s-SNOM also offers the ability to detect grain boundaries in the optical signal,
obtained from the light scattered out from the tip into far field. 96 We also compare the visibility of the grain boundary in optical signal to the simultaneously-measured photocurrent
(Figs. 7.4). In Fig. 7.4a and c, we show the topography and the near-field photocurrent
at a grain boundary at a backgate voltage of 0 V. To give further proof that what we
observe is indeed a grain boundary we also show the simultaneously acquired optical signal
in Fig.7.4b. The optical signal shows the typical double fringes due to plasmon reflections
at the grain boundary. 96,99
When comparing the topography in Fig. 7.4a with the optical signal in Fig. 7.4b and
the near-field photocurrent in Fig. 7.4c it becomes evident that the optical signal and the
photocurrent contain information not visible in the topography.
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Fig. 7.4.: Comparison between topography, optical signal and photocurrent. a Topography of etched CVD graphene does not show grain boundary but only wrinkles and
other inhomogeneities due to the transfer process. b Optical signal shows the characteristic plasmonic double fringes around a grain boundary in CVD graphene because the
intrinsic doping of the graphene is strong and plasmons are supported. 96,99 c Near-field
photocurrent clearly shows grain boundary and a sign change around it.

7.1.2. Gate dependence of a grain boundary
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Fig. 7.5.: Gate dependent measurement of a grain boundary. a Backgate dependence
of the resistance of the device measured simultaneously to the near-field optical scattering
and near-field photocurrent. b Near-field optical scattering shows the plasmon reflections
due to the grain boundary and their dependence on the carrier density of the graphene. c
Near-field photocurrent shows no sign change even for highly doped graphene. The dashed
dotted curves in b and c show the theoretical fringe spacing for a phase shift due to the
reflection of −3/4π. 96

As shown before the Seebeck coefficient at or very near the grain boundary is smaller
in magnitude than the Seebeck coefficient of the surrounding pristine graphene for all
the carrier densities measured. To further support this statement, we show the nearfield optical scattering and near-field photocurrent for an extended carrier density range
in Fig. 7.5. These data show that there is no additional sign change for higher carrier
densities indicating that the Seebeck coefficient at the grain boundary SGB is smaller in
magnitude than the Seebeck coefficient of pristine graphene SG for the measurable range
of carrier densities. We note that in the case of Fig. 7.5c there is no sign change as a
function of gate voltage visible as the charge neutrality point of the device was not reached
due to high intrinsic doping. Grain boundaries are thus modelled as having a finite width
with a Gaussian profile 96 and their Seebeck coefficient is close to zero, in accordance with
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the results discussed before.
When comparing the position of the photocurrent extrema in Fig. 7.5c with the expected
plasmonic fringe spacing as indicated by the dashed dotted curve it becomes evident indeed
also the position of the photocurrent extrema is changing with carrier density. This could
be due to an increased absorption due to the excitation of plasmons in the graphene and
is subject of further study.
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Fig. 7.6.: Raman spectrum and map of the CVD device. a Raman spectrum of the
graphene shows the characteristic G and 2D peak of single layer graphene. b Map of the
full width at half maximum of the 2D peak at the different positions of the device shown in
Fig. 7.1. This map clearly shows that the device is fully composed of single layer graphene.
In the white region no graphene is present.

In Fig. 7.6 show a map of the full width at half maximum of the 2D peak of the graphene
Raman spectrum to confirm that the graphene is single layer everywhere on the device. 190
It is clearly visible that besides large scale inhomogeneities no fine features, as visible in
the near-field photocurrent, due to grain boundaries are observed in the Raman map.
a
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Fig. 7.7.: Heat spot creating near-field photocurrent flow pattern from grain boundary. a A heat spot created in the graphene due to the near-field energy being converted
into heat in the graphene. b A heat spot creates a photocurrent flow pattern in the
graphene (grey) which flows through the contacts (gold). Contacts are shown in gold,
graphene in grey and substrate in white.

71

7. Photocurrent nanoscopy of different graphene devices

0.0

1 µm

Norm. IPC

0.5

−0.5

Fig. 7.8.: Simulated photocurrent map from a grain boundary. A map of the simulated
photocurrent for each position of the graphene device. The contacts are on the left and
right outside of the region shown in this figure. The cooling length used was 140 nm and
the tip size 25 nm. The position of the grain boundary is indicated by a green line.

7.2. Charge puddles
We next examine near-field photocurrent in a typical two probe exfoliated graphene device
(Fig. 7.9). The device was fabricated by Qiong Ma in the group of Pablo Jarillo-Herrero
at MIT. The exfoliated graphene device was fabricated on a Si/SiO2 (300 nm) wafer, used
as backgate. The Cr(0.8 nm)/Au(80 nm) contacts were defined using electron beam
lithography. A strong photocurrent is obtained with the tip near the metal contacts,
similar to previous near- and far-field measurements. 54,191,216 Additionally, an apparently
random pattern of photocurrent is present throughout the device, as in high-resolution
far-field measurements 216 but at a much finer scale.
The random photocurrent pattern between the contacts in Fig. 7.9a indicates random
variations in Seebeck coefficient over short length scales. Random variations of the Seebeck
coefficient are indeed expected since it depends on carrier density, 170 which in turn has
fine-scaled inhomogeneities (charge puddles). 58,59,65,208,209 The photocurrent variations
can thus be used to gain insight in the charge puddle distribution. A more detailed view
of the photocurrent due to charge puddles in Fig. 7.9b shows that the length scale that
can be resolved is on the order of hundreds of nanometers.
Quantitatively, from the autocorrelation of the photocurrent in comparison to a photothermoelectric model taking into account the size of the charge puddles in Fig. 7.9c we
extract lcool ∼ 200 nm. The charge puddles are modelled to have a size of ∼ 20 nm, in
accordance with measurements of graphene on SiO2 . 58,65,208,209
By changing the gate voltage we study the carrier density profile with high spatial
resolution (see Fig. 7.10) and highlight the possibility of spatially resolving the charge
neutrality point for a large device. IPC from charge puddles is largest around the charge
neutrality point and varies with position. This is consistent with the very high sensitivity of
the Seebeck coefficient to changes in carrier density, near zero density (Fig. 7.10b). This
allows us to map the local carrier density offset (charge inhomogeneity) throughout the
device, as indicated by the extremum of photocurrent in a scan of photocurrent vs. gate
voltage (Fig. 7.10c). In contrast to the grain boundary photocurrent we do not observe
the charge puddle photocurrent change sign when sweeping the average carrier density
through the charge neutrality point, as expected from the gate dependence the of Seebeck
coefficient.
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Fig. 7.9.: Photocurrent from charge puddles. a Near-field photocurrent map of an
exfoliated graphene device on 300 nm SiO2 at VBG = 20 V. The dashed lines indicate the
position of the contacts and solid lines the graphene edges. The green box indicates the
measurement region in b. b Detailed photocurrent map at the charge neutrality point
of the device (VBG = 7 V) reveals the charge puddles and the high spatial resolution of
the technique. c Autocorrelation of the photocurrent from charge puddles at VD (data
points) compared to photocurrent expected from a random charge puddle distribution and
lcool = 200 nm (blue curve). Autocorrelation is taken along the source drain current path.

We can thus resolve the local charge neutrality point at a given position of the device
(green curve, Fig. 7.10a), which can be different from the global charge neutrality point
VD , the backgate voltage VBG at which the resistance is maximum (blue curve, Fig. 7.10a).
We show that the global charge neutrality point (blue curve, Fig. 7.10a) is determined by
an average of the gate voltages at which the local charge neutrality points appear (red
curve, Fig. 7.10a). Spatially resolved puddle photocurrent can be much narrower (green
curve, Fig. 7.10a) than the average of all possible current paths (red curve, Fig. 7.10a)
This indicates that the graphene locally has less inhomogeneity. Thus the technique gives
insight not only in the global but also in the local behaviour of the device.

7.2.1. Charge puddle model
In order to model photocurrent from charge puddles first we need to find an accurate
model of the charge puddle distribution. For this we use a random spatial Seebeck profile
generated by a spatial profile of white noise and smoothing the noise to create charge puddles with an average approximate size of 20 nm. This size is the size previous experimental
studies of charge puddles on SiO2 with a higher spatial resolution have found. 58,65,208,209
In order to efficiently calculate the photocurrent map from the charge puddles we again
convolve the spatial Seebeck profile with the spatial heat gradient profile. A comparison
between the spatial Seebeck profile and the photocurrent map is shown in Fig. 7.11. Here
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Backgate dependent Seebeck coefficient of graphene, calculated from the gate dependent
resistance in a using the Mott formula. 170 c Backgate dependence of the photocurrent
across the device. Graphene is between the black dashed lines, which indicate the edges
of the metal contacts.

the source and drain contacts are outside of the displayed on the left and right respectively.
It is obvious that for positions with a high gradient in Seebeck coefficient the photocurrent
is strongest, like expected from eq. (5.1).

7.3. Encapsulated graphene and edge doping
Finally we apply this technique to a graphene device encapsulated between two layers
of h-BN, using the polymer-free van der Waals assembly technique 35,211 as sketched in
Fig. 7.13a. This device lies on top of an oxidized silicon wafer, used as a backgate. The
stack is etched into a triangle and electrically side-contacted by metal electrodes. 35 The
device was fabricated by Yuanda Gao in the group of James Hone at Columbia University. The Si/SiO2 (300 nm)/h-BN(46 nm)/Gr/h-BN(7 nm) and the Si/SiO2 (300 nm)/AuPd(15 nm)/h-BN(42 nm)/Gr/h-BN(13 nm) stacks, were fabricated using the polymer-free van der Waals assembling technique. 35 The stack is etched into a triangle and
is electrically side-contacted with metal electrodes. Recent studies 217,218 have shown that
the edges affect where current flows in the device, in particular near charge neutrality. In
the following we study the build up of edge doping and provide a solution to this.
While monitoring the photocurrent of such encapsulated devices, we observe indications
of strong carrier density variations near the edges over micrometer scales. These variations are influenced by lighting conditions, gate voltages, and temperature, and evolve over
timescales ranging from minutes to weeks. As an example, Figure 7.12a-d shows a progression of photocurrent maps, taken after annealing the device at 200 ◦ C for 30 minutes
to temporarily remove charge density variations near the edges. Initially in Fig. 7.12a we
see very small photocurrents indicating a flat carrier density landscape. After some time
(∼ hours), in the dark with only gate voltages smaller than 3 V applied, a small doping
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Fig. 7.11.: Simulation of near-field photocurrent from random charge puddle distribution. a Random distribution of Seebeck coefficients due to a random distribution of
charge puddles with an average size of ∼ 20 nm. b Photocurrent generated by the charge
puddles in a with a cooling length of the charge carriers in the graphene of 200 nm and a
tip size of 25 nm.

gradient between the contacts builds up. This gradient leads to the stronger photocurrent
shown in Fig. 7.12b. The local charge neutrality point, indicated by the maximum of
photocurrent, is at the same position close to the edge of the device as further inside the
bulk. After keeping the device for 3 hours in ambient conditions we can see a change
of the local charge neutrality point at the edge of the graphene compared to the bulk
in Fig. 7.12c. The edge is slightly more p -type compared to the bulk. Finally we apply
high gate voltages, of in this case 50 V for ∼ 20 hours, to increase the edge doping. A
strong p -doping at the edge and an n-doping in the bulk of the graphene is induced in
Fig. 7.12d. This indicates that electric field accelerates the speed and increases this type
of edge doping.
We exploit the observed edge doping to create a natural pn-junction along the edge of
the device. For this we apply a backgate voltage at which the edge of the graphene is
p -type and the bulk n-type. We observe photocurrent at the junction in Fig. 7.13b around
the whole device, indicating that the edge doping is uniform around the graphene. The
photocurrent decays gradually towards the midline between the electrodes as a result of how
the triangular geometry modifies the ability of the contacts to capture photocurrents. 168
We are able to temporarily reset the edge doping by annealing the device on a hotplate at
200 ◦ C for 30 minutes.
While we have not been able to precisely identify the origin of the edge doping, we
present here a technique to completely eliminate it. We place encapsulated graphene on
top of a local conductive gate, such as a 15 nm AuPd alloy in the case of Fig. 7.13c. We find
that edge doping is efficiently suppressed even after extended periods of time at ambient
conditions and high gate voltages. Furthermore, such devices lack the photodoping effect
observed for devices where the h-BN is in contact with SiO2 126 (see section 7.3.1). We
suspect that humidity that is able to penetrate between the boron nitride and the silicon
oxide leading to trapped charges is responsible for the observed edge doping.
In the device with a metal gate we find small features due to charge puddles on top of a
slowly varying background photocurrent, due to large scale carrier density inhomogeneities.
The size of the features due to charge puddles determined by autocorrelation is ≈ 800 nm.
The long length scale of those features is either due to the longer cooling length of the
encapsulated graphene compared to the graphene on SiO2 or due to larger charge puddle
75

7. Photocurrent nanoscopy of different graphene devices
a

Distance from edge (µm)

b

IPC (nA)
−0.1

0.0

0.1

c

IPC (nA)
−0.5

0.0

0.5

d

IPC (nA)
−1.5

0.0

1.5

IPC (nA)
−1.5

0.0

1.5

3
0.1×1012 cm−2

1.0×1012 cm−2

2

1

0

edge
after 3h

after annealing

−2

−1

VBG − VD (V)

0

−1

after 6h

0

1

VBG − VD (V)

2

−4

after 20h at 50 V

−2

0

VBG − VD (V)

2

−10

0

10

VBG − VD (V)

Fig. 7.12.: Near-field photocurrent maps revealing edge doping in encapsulated
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taken directly after annealing the device. b The same scan on the same device after three
hours in air, and c, after annealing and applying VBG up to 3 V. d The same scan after
∼ 20 hours in air and after applying VBG up to 50 V. In a-d the black solid lines indicate
the graphene edge.

size in the encapsulated devices. Further work is required to clearly distinguish these
effects.

7.3.1. Photodoping and puddles of encapsulated graphene
It is known that graphene on h-BN on top of an oxidized silicon wafer shows photodoping
when it is illuminated with visible light. 126 This effect is clearly visible in our near-field
photocurrent measurements after illumination with visible light. In Fig. 7.14a we see
almost no near-field photocurrent at a backgate voltage of −90 V. In Fig. 7.14b we show
the near-field photocurrent pattern after the sample was illuminated with a white LED light
source for several minutes at a backgate voltage of −90 V. Clearly, near-field photocurrent
is visible all the way throughout the device. We attribute this to the screening of the
backgate by photoexcited defects in the h-BN or at the h-BN/silicon dioxide interface,
which can effectively neutralize the graphene. 126 Thus we see charge puddles which show
a very similar near-field photocurrent pattern compared to the near-field photocurrent from
charge puddles observed at the charge neutrality point of exfoliated graphene on SiO2 . In
the case of the encapsulated device the charge puddles are induced by the photoexcited
charged defects in the h-BN. In order to reset the photo doping and be immune to it we
use positive gate voltages. 126

7.3.2. Encapsulated graphene with a local gate
We also studied near-field photocurrent from an encapsulated device which was put onto
conductive PdAu alloy gates with a 50 nm gap in between them in order to individually
tune the carrier density in the graphene above the two gates. In Fig. 7.15a we show a
six-fold pattern typical for a photothermoelectric effect 162 in graphene measured at the
junction between the two gates, which is indicated by the dashed line in Fig. 7.15.
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graphene. a Sketch of the device, a stack of h-BN(46 nm)/Gr/h-BN(7 nm) on a
Si/SiO2 (300 nm) wafer used as global backgate. b Photocurrent close to the resistance
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charge puddles in encapsulated graphene on a metal gate close to the charge neutrality
point (sketch in inset). The layers are AuPd(15 nm)/h-BN(42 nm)/Gr/h-BN(13 nm).
The electrical contacts are on the left and right outside of this figure. In b,c the black
solid lines indicate the graphene edge.
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Fig. 7.14.: Encapsulated graphene device on oxidized silicon wafer. a Near-field
photocurrent of the graphene triangle device at -90 V backgate voltage in the dark. b
Photodoping showing up in the near-field photocurrent after illuminating the device for
several minutes with white LED light at −90 V. The dashed lines in a and b indicate where
the stack is underneath the gold and the solid lines the outer edge of the stack and gold
respectively.

In Fig. 7.15b the current in the device is shown for both sides being tuned to a gate
voltage of 0.4 V, close to the charge neutrality point. The magnitude of the near-field photocurrent is two orders of magnitude smaller than the magnitude of near-field photocurrent
from charge puddles in graphene on SiO2 . This indicates that the charge density inhomogeneity of the charge puddles in encapsulated graphene on a local gate is much lower
than for graphene on SiO2 . Furthermore the length scale of the charge puddles indicates
that the charge puddle size is much larger than for the case of graphene on SiO2 65,209
or that the cooling length in encapsulated graphene devices is much longer than for bare
graphene, as expected due to the increased carrier mobility in encapsulated graphene.
We remark the we do not see any photodoping for the encapsulated graphene on top of
a conductive gate structure, even after extended periods of exposure of many minutes to
the same white light LED as was used to induce photodoping in Fig. 7.14b. This can be
explained by the extraction of the photoexcited charged defects by the conductive gate,
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which is in direct contact with h-BN.

7.4. Conclusion
To conclude, in this chapter we demonstrated that scanning near-field photocurrent nanoscopy
is a versatile technique to characterize the electronic and opto-electronic and even previously inaccessible properties of relevant graphene devices. This technique is highly promising for spatially resolved quality control of regular graphene devices without the need
for special device structures and can therefore be readily applied. The technique can be
exploited to measure the charge puddle distribution in graphene encapsulated in h-BN,
which cannot be measured with current techniques that need electrical contact with the
graphene. 58,59,65,208,209 This technique can also be used for nanometer resolution device
characterization in terahertz regime, which is interesting both from a fundamental 219 and
applied point of view. 114 Indeed it was shown that even in the terahertz the photocurrent
resolution is on the order of tens of nanometers. 116 Furthermore the high resolution enables studying the role of substrate phonons on the photocurrent generation in graphene
in more detail. 164,180 In the following chapters we will also use this technique to study how
plasmons in graphene (chapter 8) and hyperbolic phonon polaritons in h-BN (chapter 9)
can be detected fully electrically.
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8. Broadband electrical detection of
graphene plasmons

In this chapter we will show how near-field photocurrent nanoscopy can be used
to electrically detect propagating graphene plasmons. We show that the detection
is broadband and employ it to detect plasmons in both the mid-infrared as well
as terahertz region of the electromagnetic spectrum. In the terahertz case the
plasmons hybridize with the underlying metal gate and an acoustic plasmons
with a linear dispersion is created. We employ two local gates to fully tune the
thermoelectric and plasmonic behaviour of the graphene. High-resolution realspace photocurrent maps are used to investigate the plasmon propagation and
interference, decay, thermal diffusion, and thermoelectric generation.
Controlling, detecting and generating propagating plasmons by all-electrical
means is at the heart of on-chip nano-optical processing. 20,220,221 Graphene carries long-lived plasmons that are extremely confined and controllable by electrostatic fields, 8,11,24,25 however electrical detection of propagating plasmons in
graphene has not been realized before. Here, we present an all-graphene midinfrared plasmon detector, where a single graphene sheet serves simultaneously as
the plasmonic medium and detector. Rather than achieving detection via added
optoelectronic materials, as is typically done in other plasmonic systems, 222–229
our device converts the natural decay product of the plasmon—electronic heat—
directly into a voltage through the thermoelectric effect. 230,231
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Graphene plasmonics is an emerging platform for terahertz to infrared nano-optics, attractive due to the long intrinsic lifetime of > 0.5 ps and the strong tunable broadband
response of its Dirac electrons. 8,111 Typically, graphene plasmons are sensed in s-SNOM
by out-coupling to light, which is inefficient due to one of the key features of graphene
1
plasmons: their extremely short wavelength (∼ 100
that of free space light). While plasmon resonances have been exploited to enhance absorption and thereby enhance far-field
photodetection, 87,232 the concept of an on-chip plasmon receiver has not been realized
before.
The presented experiments are built around the state-of-the-art plasmonic medium of
graphene encapsulated in h-BN, which we have demonstrated before to support high quality
propagating plasmons in the mid-infrared (see chapter 3). As a key innovation in this
work, the induction of free carriers in the graphene is achieved through the use of separate
local gates directly underneath the h-BN, rather than the conventional global back gating
through an additional SiO2 layer. These local gates allow us to spatially modulate the
charge carrier density and polarity across the device, as well as providing lower voltage
operation and reduced charge trapping effects. 195 As we will show below, the junction
induced by the two gates can be used as a thermoelectric detector for the plasmons for a
large range of excitation frequencies.

8.1. Basics of electrical graphene plasmon detection
a

b

d.c. current
ED
EF

Fig. 8.1.: Measurement concept. a Schematic cross-section of devices and measurement
technique. Continuous-wave laser light scatters at a movable metallized AFM tip, launching plasmons in the h-BN–graphene–h-BN heterostructure. b, Schematic of thermoelectric
detection mechanism in a microscopic picture. The plasmon decay energy drives an outward majority carrier diffusion, in this case hole carriers. A gate-induced homojunction
(seen as variation in the graphene Dirac point energy level ED relative to the Fermi level
EF ) imbalances this diffusion, resulting in a nonzero net dc current.

Figures 8.1a,b show a schematic of the operating principle of the detector. As cur80

8.2. Electrical detection of mid-infrared plasmons
rently no on-chip graphene plasmon sources are available, we generate plasmons using
the conventional scattering scanning near field microscopy (s-SNOM) technique. 29,30 The
s-SNOM apparatus consists of a scanning metal probe under illumination from a continuous wave laser. In conventional plasmonic s-SNOM experiments discussed before the
out-scattered light signal is measured and contains all the information about local dielectric properties and plasmonic modes. In this chapter however we instead measure the near
field photocurrent IPC in the same manner as explained in chapter 6. As the graphene
shows a linear photocurrent response, IPC can be understood as the photocurrent arising
only from the near fields of the tip, isolated from the background photocurrent directly
induced by the incident light. The s-SNOM used was a NeaSNOM from Neaspec GmbH,
equipped with different laser sources for the mid-infrared and terahertz radiation.
The plasmon launching works analogous to conventional s-SNOM described in sec. 2.2.1.
The near fields at the tip apex launch radially propagating graphene plasmons, which
interfere with their own reflections from the graphene edge, producing oscillations of the
electric field intensity – and thus the local energy dissipation – when the tip is scanned
perpendicular to the graphene edge. The dissipated energy heats the electron temperature
of the graphene and after diffusion the pn-junction, yielding a photo-thermally induced
current that oscillates with a period of half the plasmon wavelength λpl /2. A more detailed
model including the cooling length based on experimental evidence is given in ref. 233.

8.2. Electrical detection of mid-infrared plasmons
The main part of the measurements and analysis in the following section was done by
Mark B. Lundeberg at ICFO and I was closely involved starting from the design phase of
the experiment. In this section of the chapter I will give an overview of the results of
converting mid-infrared plasmons into photocurrent in the near-field. I will first introduce
the device and the measurement results, then give a brief overview of the modelling and
finally introduce the measured carrier density dependence. For more technical details and
sophisticated modelling of the mechanism please refer to ref. 233. The measurements
presented here are measured using a CO2 laser at a laser frequency of 28 THz (10.6 µm
free space wavelength) in order to avoid complications from the h-BN phonons. 100

8.2.1. Device
The device was fabricated by Yuanda Gao in the group of James Hone at Columbia
University according to our input. For the mid-infrared electrical plasmon detection the
device fabrication started with an 10 nm, surface low roughness AuPd alloy gate film
patterned by electron beam lithography, on top of an oxidized Si substrate. The gap
separating the gates from each other was 150 nm, as indicated in the figures. An h-BN–
graphene–h-BN stack was then prepared by the van der Waals assembly technique, 35 and
placed on top of the AuPd gate layer. The bottom h-BN film (between graphene and
metal) thickness of 27 nm was chosen to isolate the plasmonic mode from interacting with
the gate metal, while still allowing for strong gate effect. The top h-BN film was made
thin (9 nm) to allow for efficient plasmon launching and coupling of the plasmons to the
s-SNOM tip. 100 The device geometry as well as the edge contacts were defined by dry
etching and electron beam evaporation in the method of ref. 35. The dry etching depth
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was only 11 nm, leaving most of the bottom h-BN thickness remaining in order to reduce
possible leakage.

8.2.2. Results
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Fig. 8.2.: Device image and photocurrent measurement. a Optical micrograph of
presented device and circuit diagram. Two metal electrodes (light yellow) contact an
encapsulated graphene sheet (dark rectangle) which lies above a split metal gate layer (light
brown). Split gate voltages VL and VR create the homojunction, while tip-induced currents
are captured at the electrodes and demodulated to obtain the near field photocurrent IPC .
b Near-field photocurrent map of the entire device, showing the photosensitive junction
created by applying different gate voltages. Inset: The sign of the photocurrent (measured
with the tip over the junction) shows a six-fold pattern characteristic of thermoelectric
effects.

The device and circuit schematic of the device studied in this section is shown in
Fig. 8.2a. By applying different voltages VL(R) to the left (right) gates, we induce a localized photosensitive region around the gap of the device, e.g., a pn-junction as studied in
Fig. 8.2b. The six-fold photocurrent pattern observed when both gates are scanned (figure
inset) is consistent with a thermoelectric generation mechanism, where the pattern arises
due to the nonmonotonic dependence of Seebeck coefficient on gate voltage. 162,166,167 For
junc
a simple junction, the thermoelectric current is I = (SR − SL )∆T /R , where SL(R) is the
junc

left (right) Seebeck coefficient, ∆T
is the junction-average rise in electronic temperature relative to ambient temperature, and R is the circuit resistance. The gate dependence
allows to identify the charge neutrality point of the graphene in this device (occuring at a
gate voltage offset of +0.09 V). From now on we use this offset and the calculated gate
capacitance to convert the gate voltages VL,R into carrier densities nL,R . Gate voltages are
converted to carrier sheet density via nL,R = (0.73 × 1016 m−2 V−1 )(VL,R − 0.09 V), where
the offset was determined by examining gate dependences and the coefficient was calculated as the static capacitance of the 27 nm h-BN layer with dielectric constant 3.56. 100
Strong evidence of plasmons mediating the photocurrent is visible in photocurrent maps
obtained at high carrier density (Fig. 8.3), where interference fringes can be observed in
IPC near the graphene edge. These fringes can be unambiguously attributed to plasmon
reflections, as they match the half-wavelength periodicity seen in the s-SNOM optical
signal that is conventionally used to characterize graphene plasmons. 100 The extracted
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plasmon wavelength of λpl = 112 nm in this scan is close to the expected value of 114 nm,
and consistent with a previous study of a similar h-BN–graphene–h-BN device. 100
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Fig. 8.4.: Gate dependence. Dependence of photocurrent on nL , at various tip positions
away from the graphene edge. This scan was taken 300 nm left of the junction with a
fixed nR = 0.26 × 1012 cm−2 . A clear change of the fringe spacing is observed, further
confirming that we are observing graphene plasmons electrically.

8.2.3. Carrier density dependence
Next, we show tunability of the nature and strength of the plasmon launching, with varying
carrier density. Figure 8.4 shows the dependence of the photocurrent on the gate voltage
under the tip. The data show several features simultaneously evolving with carrier density.
There are two sign changes in photocurrent, due to the sign change of
p Seebeck coefficient
1
162,166,167
differences.
The fringe spacing appears to follow 2 λp ∝ |n| as expected for
graphene plasmons. 100 Most strikingly, the photocurrent shows two regimes of strong
magnitude, at high |n| and low |n|, separated by a region of weak photocurrent from
|n| ∼ 1–4×1012 cm−2 . We attribute these to the two ways that graphene can absorb power
from the tip: direct heating or plasmon launching. The launched plasmon power grows
strongly with carrier density primarily due to variation in plasmon wavelength: plasmons
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with small values of λp couple poorly to the tip due to their strong confinement in the top
h-BN layer and the limited range of spatial frequencies probed by the round tip. Direct
heating on the other hand is strongest for low |n| due to unblocked interband transitions,
possible when the Dirac point ED is within about ~ω/2 (= 58 meV) of the Fermi level
EF . A quantitative model further corroborating the given explanations is introduced in ref.
233.

8.3. Electrical detection of terahertz plasmons
The measurements and analysis in this section were done by Pablo Alonso-Gonzalez and me
at CIC nanoGUNE. In this part of the chapter we will discuss electrical graphene plasmon
detection when terahertz light is used to excite the plasmons. We will first show an
overview of the results and then introduce the characteristic acoustic frequency dispersion
for graphene close to a metal gate and finally show a carrier density dependence. For
more details please refer to ref. 116. The working principle and device structure of the
photodetector in this section is the same as previously discussed. In the following I will only
introduce the main differences and peculiarities of terahertz graphene plasmons. The laser
source used for the terahertz radiation is a gas laser (SIFIR-50 from Coherent, providing
output power in the range of a few 10 mW) which is tunable from 2.5 to 5.7 THz.

8.3.1. Device
The device was again fabricated by Yuanda Gao in the group of James Hone at Columbia
University according to our input. However the exact device parameters are slightly different compared with the device for mid-infrared electrical plasmon detection. In this case
the h-BN(13 nm)-graphene-h-BN(42 nm) heterostructure is placed on top of a pair of 15nm-thick AuPd gates, which are laterally separated by a gap of 50 nm. A thicker top layer
of h-BN than in previous studies is permitted because of the longer plasmon wavelength
of graphene plasmons in the terahertz. A smaller gap width is permissible as the voltage
differences that need to be applied are smaller than in the infrared case due to the smaller
carrier densities needed for terahertz plasmons. Again we are able to individually tune the
carrier density of the graphene sheet on top of both of the electrons.

8.3.2. Results
As was the case with the mid-infrared laser used before near the pn-junction we observe photocurrent oscillations perpendicular to the graphene edge which decay with increasing distance from the edge (Fig. 8.5). Resembling the s-SNOM images of infrared
graphene plasmons both measured using electrical detection (see previous sec. 8.2) and
by s-SNOM, 29,30,100 we attribute them to terahertz graphene plasmons. While terahertz
plasmons in graphene have been seen before in spectral extinction measurements 31 this is
according to our knowledge the first direct observation of propagating graphene plasmons
in the terahertz.
We corroborate the plasmonic origin of the photocurrent oscillations by recording line
profiles along the dashed black line in Fig.8.5 at different illumination frequencies but fixed
carrier densities nc1 = 0.77 × 1012 cm−2 and nc2 = −1.11 × 1012 cm−2 . The near-field
photocurrent profiles shown in Fig. 8.6 were extracted at a distance of about 1 µm from
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Fig. 8.5.: Terahertz photocurrent measurement of graphene plasmons at a pnjunction. a Overlay of the measured plasmons at a pn-junction with a device and measurement schematic. b Measurement of the experimental near-field photocurrent, IPC ,
recorded at f = 2.52 THz. The carrier densities were chosen to be nc1 = 0.77 × 1012 cm−2
and nc2 = −0.71 × 1012 cm−2 , yielding plasmons on both sides of the junction. The solid
line marks the edge of the graphene sheet and the dashed dotted line marks where the
line profiles in Fig. 8.6 were measured.

the 50 nm-wide gap between the two gates, in order to ensure a well-defined and homogeneous carrier density in the graphene sheet. We find that the oscillation period decreases
with increasing illumination frequency f for constant carrier density (Fig. 8.6). The distance between the peaks is equivalent to λpl /2 and thus we observe a decreasing plasmon
wavlength for an increasing frequency, like you would expect for graphene plasmons.

8.3.3. Indication of acoustic plasmons
By measuring the oscillation period as a function of f we obtain the frequency dispersion of terahertz graphene plasmons in this system. The measured results are shown in
Fig. 8.7 (red symbols). Interestingly, we find a nearly linear dispersion at low frequencies,
in excellent agreement with the dispersion calculated taking into account the full stack
via the transfer-matrix method (blue contour plot in Fig. 8.7). The observed linear, or
acoustic, dispersion is in different from the conventional square root dispersion for conventional graphene plasmons in free-standing graphene (black solid curve in Fig. 8.7). From
the agreement between the acoustic plasmon model and the experiment we conclude that
acoustic graphene plasmons rather than conventional graphene plasmons are observed.
Indeed this type of acoustic dispersion is expected for graphene plasmons close to a metal
gate in the terahertz due to screening. 234–237 As can be seen from the calculated dispersion for the different systems the closeness of the metal gate also increases the plasmon
momentum and thus decreases the plasmon wavelength, leading to a strong wavelength
compression of graphene plasmons compared to the free space light even in the terahertz
regime. We show numerical simulations further investigating this wavelength reduction
and field enhancement for graphene near a metal gate in ref. 116 done by Alexey Nikitin
at CIC nanoGUNE.

8.3.4. Carrier density dependence and charge neutral plasmons
We also studied the plasmon interference pattern (along the dashed black line in Fig. 8.5)
as a function of charge carrier density nc2 (Fig. 8.8). We observe that the fringe spacing
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Fig. 8.6.: Line profiles at different frequencies. Near-field photocurrent profiles at
different frequencies, recorded along the black dashed line in Fig. 8.5 with a carrier density
of nc2 . The peak-to-peak distance reveals λpl /2. The carrier density was nc1 = 0.77 ×
1012 cm−2 and nc2 = −1.11 × 1012 cm−2 .

(plasmon wavelength) increases with increasing carrier concentration of both electrons and
holes, demonstrating that acoustic graphene plasmons can be tuned by electrical gating,
similar to systems where the graphene plasmons are not hybridized with the metal. 29,30
However, in strong contrast to graphene plasmons in the infrared, we observe graphene
plasmons even at the charge neutrality point (Fig. 8.8b and 8.9). The photocurrent profile
at the charge neutrality point clearly shows weak oscillations near the graphene edge,
revealing plasmons with a wavelength λpl of about 650 nm. This is close to theoretically
expected wavelength of 720 nm calculated using the transfer-matrix method on the full
stack and the graphene local RPA conductivity at room temperature 56 (T = 300 K).
We explain the existence of plasmons at the charge neutrality point by electron and hole
populations that are thermally excited at room temperature. Their energy of about 25 meV
is large enough for supporting plasmons at terahertz frequencies (3.11 THz = 13 meV) and
thus partially hindering interband damping of the plasmons. In Fig. 8.8a we show an
overlap of the calculated plasmon fringe position as a function of carrier density as a solid
curve. The excellent agreement between experiment and theory shown verifies both the
electrical tunability of acoustic graphene plasmons, as well as their existence at the charge
neutrality point.

8.3.5. Origin of the damping
Ref. 116 further discusses the origin of the losses in for terahertz plasmons in the low carrier
density regime. The main result is that there is a strong carrier density dependent change
of damping. This is in accordance with Coulomb scattering by charge impurities. 110 It is
thus concluded that for small carrier densities in the terahertz in high quality graphene
devices, as is the case here, the main source of damping is charge impurity scattering 110
and not acoustic phonon scattering like for high carrier densities. 100 This is corroborated
by comparison with microscopic theoretical calculations done by Alessandro Principi and
Marco Polini. This sheds light also on the discrepancy between the acoustic phonon limit
for the transport mobility and the observed mobilities. 35,64
86

8.4. Conclusion

6

f (THz)

air/G/air
air/BN/G/BN/Au

4
2
0
0

nc = −1.11 × 1012 cm−2
2

4

6

8

10

12

2π/λp (×106 m−1 )

Fig. 8.7.: Experimental and theoretical frequency dispersion of the terahertz plasmons. The symbols show the experimental plasmon momenta extracted from Fig. 8.6.
The blue colour plot shows the calculated dispersion of graphene plasmons in an air/hBN/graphene/h-BN/AuPd/SiO2 heterostructure with the experimental carrier concentration and layer thicknesses. The black solid curve shows the calculated plasmon dispersion
for free-standing graphene (air/G/air) of the same carrier concentration. The dashed black
line displays the plasmon dispersion approximated for acoustic plasmons (see ref. 116).
The dashed black line with momenta close to zero is the light line in free-space. The
carrier density was nc1 = 0.77 × 1012 cm−2 and nc2 = −1.11 × 1012 cm−2 .

8.4. Conclusion
In conclusion, we have shown that a graphene junction can be used to electrically detect mid-infrared and terahertz plasmons that are carried by the graphene itself. The
measurements in both infrared and terahertz show behaviour that is indicative of the photothermoelectric effect. The presented concept opens the door to broadband graphene
plasmonic devices where inefficient plasmon out-coupling to light is unnecessary. The observed photocurrent signals are well above the noise level and thus this type of detector
in the future could be used together with electrical plasmon sources, for example based
on thermal 161 or tunneling emission, 238 resulting in complete on-chip optical systems at
sizes far below the light diffraction limit. The presented results also show that near-field
photocurrent nanoscopy is an ideal tool to study and map local terahertz photocurrent in
nanoscale semiconductor devices or other two dimensional materials with unprecedented
detail.
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Fig. 8.8.: Measured gate dependence of the terahertz plasmons. a Near-field photocurrent signal measured by changing the carrier density of the graphene. We can see a
clear change of the plasmon wavelength as indicated by the changing fringe spacing with
changing carrier density. This measurement was recorded by the tip scanning perpendicular to the graphene edge and a changing carrier density nc2 . The illumination frequency
was fixed at f = 3.11 THz and the carrier density at nc1 = 0.11 × 1012 cm−2 . The black
solid line shows the theoretically expected dependence of the fringe position with carrier
density. The dashed vertical line indicates the charge neutrality point which is simultaneously probed by direct-current electrical measurements. b Photocurrent profile at the
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fringes.
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Fig. 8.9.: Normalized measured gate dependence of the terahertz plasmons. After
normalization the gate dependent plasmon fringes are visible for carrier densities close to
the charge neutrality point in the photocurrent measurement shown in Fig. 8.8. Normalization done to the photocurrent measured 4 µm away from the graphene edge where no
fringes are visible.
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9. Electrical detection of h-BN phonon
polaritons

In this chapter we will show how hyperbolic phonon polaritons (HPPs) in hexagonal boron nitride (h-BN) can be detected electrically both in the near- and far-field
using graphene photodetectors.
Light properties in the mid-infrared can be controlled at a deep subwavelength scale using HPPs of h-BN. 78,79,82,84,239 While propagating as waveguided modes 79,80,82 HPPs can concentrate the electric field in a chosen nanovolume. 78,79 Such a behavior is at the heart of many applications including subdiffraction imaging 78,79 and sensing. Here, we employ HPPs in heterostructures of
h-BN and graphene as new nano-optoelectronic platform by uniting the benefits
of efficient hot-carrier photoconversion in graphene and the hyperbolic nature of
h-BN. We demonstrate electrical detection of HPPs by guiding them towards a
graphene pn-junction. We shine a laser beam onto a gap in metal gates underneath the heterostructure, where the light is converted into HPPs. The HPPs then
propagate as confined rays heating up the graphene leading to a strong photocurrent. This concept is exploited to boost the external responsivity of mid-infrared
photodetectors, overcoming the limitation of graphene pn-junction detectors due
to their small active area and weak absorption. Moreover this type of detector
exhibits tunable frequency selectivity due to the HPPs, which combined with its
high responsivity paves the way for efficient high-resolution mid-infrared imaging.
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As explained in detail in section 1.3.2 h-BN is a natural hyperbolic material as in the
two so called reststrahlen bands (760–825 cm−1 and 1360–1610 cm−1 ) the in plane (x,y )
and the out of plane (z ) permittivity are of opposite sign. 78,79,82 As a consequence,
h-BN supports propagating hyperbolic phonon-polaritons (HPPs) which are electromagnetic modes 78,79 originating in the coupling of photons to optical phonons. Because of
their unique physical properties such as long lifetime, tunability, 84 slow propagation velocity, 80 and strong field confinement the HPPs have a great potential for applications
in nanophotonics. The capability to concentrate light into small volumes can also have
far-reaching implications for opto-electronic technologies, such as mid-infrared photodetection, 87,179–181,240–242 on-chip spectroscopy and sensing. These concepts, however, remain
underexplored.
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Fig. 9.1.: Device schematic and working principle. a Schematic of the encapsulated
graphene pn-junction. The h-BN/graphene/h-BN is placed on two gold split gates and
contacted electrically by the edges. b Optical image of one device: the top (bottom) BN
is blue (yellow). The black rectangle indicates the measurement region in d. The distance
between the two gates in this device is 100 nm. c Side view of the propagating hyperbolic
phonon-polaritons simulated by FDTD for the device in b. The thickness of the bottom hBN is 50 nm and the top h-BN is 55 nm. HPPs are launched at the edges of the split gates
and propagate as directional rays. While they cross the graphene plane they are partially
absorbed leading to a temperature increase in the graphene. d Spatial map of the device
responsivity for a polarization of the laser perpendicular to the gap of the split gate. The
photoresponse arises at the junction, indicated by the dashed-dotted line. The graphene
edge is indicated by the solid black line. The gate voltages used here are (Vg1 = 1.2 V
and Vg2 = −0.21 V). The electric field polarization and propagation direction (E ,k) are
represented in panels c and d.

Here we present a hyperbolic opto-electronic device that takes advantage of h-BN being
at the same time an ideal substrate for graphene as well as an excellent waveguide for
HPPs. We show how HPPs can be exploited to concentrate the electric field of incident
mid-infrared beam towards a graphene pn-junction, where it is converted to a photovoltage.
The impact of the HPPs leads to a strongly increased responsivity of the graphene pn90

junction in the mid-infrared up to 1 V/W, with zero bias applied.
In previous studies graphene pn-junctions have shown very high internal efficiencies 158,162,163,165,166,182
due to the strong photo-thermoelectric effect in graphene. However, the active area of
this type of devices is extremely small, leading to poor light collection. For detecting
mid-infrared light this issue is even more acute. By exciting hyperbolic phonon polaritons
we strongly enhance the effective absorption. We compare our experimental results with
FDTD simulations and an analytical model, providing insight into the underlying physical
processes and the frequency tunability of our novel mid-infrared detectors.

9.0.1. Device details
The devices were fabricated by Diana Davydovskaya at ICFO and Yuanda Gao in the
group of James Hone at Columbia University according to our input. The investigated
devices consist of heterostructures of monolayer graphene encapsulated in h-BN, obtained
by the polymer-free van der Waals assembly technique, 35 and placed on top of two metal
gates separated by a narrow gap (Fig. 9.1a). The graphene layer has a mobility of ∼
30000 cm2 /Vs. It is electrically connected to the source and drain electrodes by edge
contacts (see sec. 1.3.1). 35 An optical micrograph of a typical device is shown in Fig. 9.1b.
The individually tunable carrier density on both sides of the split gate is used to tune the
photosensitivity of our device. 162,166,182

9.0.2. Electrical device characterization
Electrical properties of the pn junction devices are first characterized by recording the drain
current under a bias voltage of 5 mV by sweeping simultaneously the two gate voltages
(Vg1 , Vg2 ) from −3 to 3 V. From this measurement we obtain the gate dependence of the
device resistance when the entire graphene sheet is uniformly doped. The experimental
curve is fitted using the following equation:

Rtot = Rc +

1
p
e µ n02 + (0 Vg /e )2

(9.1)

where Rc is the sum of both contact resistances, e is the elementary charge, µ is the
carrier mobility, 0 is the vacuum permittivity,  is the DC permittivity of h-BN, n0 is
the residual doping at the charge neutrality voltage and Vg is the gate voltage shift with
respect to the charge neutrality voltage. In the case of the device in Fig. 9.1 the fit
yields Rc = 1500 Ωµm and µ = 30963 cm2 V−1 s−1 . The gate dependence map of the
device resistance shown in Fig. 9.4a is measured by sweeping both gates independently in
the range (−3 V, 3 V). The cross pattern is a clear sign of independent and stable gate
efficiency and allows the access to the four doping configurations: pn, np, pp’ and nn’.
The setup used for the far-field measurements is described in more details in sec. 5.2.1.
The laser is modulated at 128 Hz using a chopper and the current at the junction is
measured using a current pre-amplifier and lock-in amplifier. The polarization of the light
is controlled using a ZnSe wire grid polarizer. The power for each frequency is measured
using a thermal power meter and the photocurrent spectra are normalized by this power
to calculate the responsivity.
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9.1. Operation principle
The operation of our device is as follows. HPPs are launched at the sharp gold edges of
the split gate when the laser beam illuminates the sample under normal incidence with the
polarization perpendicular to the gap between the gate electrodes. 79,80,243 While the HPPs
propagate as highly directional rays in both bottom and top h-BN slabs of the stack, they
are absorbed when they pass through graphene (Fig. 9.1c) creating hot carriers. The hot
carriers diffuse over a length scale of the electron cooling length (about 0.5–1 µm) and
generate a temperature increase peaking at the graphene junction defined by the position
of the gap in the metal gates. This inhomogeneous temperature distribution induces a
photovoltage due to the Seebeck effect. Thus, all HPPs absorbed within approximately one
cooling length from the junction contribute to the photovoltage. Similar HPPs lauching
presumably also occurs at the source and drain gold contacts. However, they do not
contribute to the photovoltage because the electrodes are situated much further than the
electron cooling length from the junction.
The measured spatially resolved photoresponse of the device is shown in Fig. 9.1d. The
photoresponse arises mainly at the junction (shown as a dashed line). In such a graphene
junction the photovoltage Vph is generated by the photo-thermoelectric effect: 162,164,166,182

Vph = ∆S∆T

(9.2)

where, ∆S = S1 − S2 is the difference between the Seebeck coefficients of graphene on
the left and right side of the junction and ∆T is the difference in electronic temperature
at the junction and at the source/drain contacts. The photo-thermoelectric effect dominates over other possible mechanisms of photovoltage generation due to the high Seebeck
coefficient of graphene (S ∼ 100 µV K−1 ), which is in-situ tunable by gating. 162,170

9.1.1. Photocurrent generation
The photoresponse is probed by focusing the laser beam on the junction and by sweeping the two gate voltages from −3 V to 3 V without biasing the device. The obtained
gate dependence of the responsivity exhibits a six fold pattern, a signature of the photothermoelectric effect as the photovoltage generation mechanism (Fig. 9.4b). 162,164,166,182
A maximal internal responsivity of about 150 V/W is measured in both pn and np configurations respectively at 1515 cm−1 for (Vg1 = 1.2 V, Vg2 = −0.21 V) and (Vg1 =
−0.06 V, Vg2 = 1.26 V) which correspond to a fairly low carrier concentration of about
0.29 × 1012 cm−2 on one side of the junction and 0.23 × 1012 cm−2 on the other side.
This corresponds to a pn-configuration with a fairly low doping level of about 0.06 eV. At
these optimal doping levels 0.112 eV < 2EF < 0.126 eV is always lower than the probed
energy range of the reststrahlen band (0.168 eV < EL < 0.198 eV) meaning that the HPPs
absorption by the graphene is never limited by Pauli blocking. In order to be quantitative
we simulated the graphene absorption at 1515 cm−1 for a symmetric doping in the two
regions of the junction variable in the range (0 < EF < 0.15 eV). As shown on Fig. 9.4c the
absorption only drops by 10% at the doping where the thermoelectric effect is the most
efficient and by 50% for the highest doping level explored (EF = 0.136 eV).
The spectral responsivity (Fig. 9.2a) is obtained by recording the photovoltage while
tuning the wavelength of the quantum cascade laser source from 1000 to 1610 cm−1 . A
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Fig. 9.2.: Absorption and photocurrent spectra. a Responsivity spectrum for light
polarisation perpendicular (parallel) to the junction in blue (red). The gate voltages used
here are (Vg1 = 1.2 V and Vg2 = −0.21 V). The main peak which lies in the upper
reststrahlen band of h-BN (grey shaded region) is the result of the hyperbolic phononpolariton assisted photoresponse. Solid lines are absorption spectra simulated by FDTD.
The peak around 1100 cm−1 is related with the SiO2 surface phonon of the underlying
substrate. 164 b FDTD simulation of the spatial absorption profile in the vicinity of the
junction as a function of the laser frequency. The spatial integral at each frequency is
proportional to the simulated absorption cross section spectrum in a.

strong photocurrent enhancement for the polarization perpendicular to the gap, peaking
at 1515 cm−1 , is observed.
In order to understand the observed behavior we use finite difference time domain
(FDTD) simulations to model the scattering process of far-field light into HPPs and the
subsequent HPP waveguiding and absorption of the HPPs in the graphene (solid lines in
Fig. 9.2a). A good match with the experimentally observed spectral response is obtained
(points in Fig. 9.2a). The simulated absorption spectrum shows a peak inside the reststrahlen band of h-BN. The spatial distribution of the electric field inside the h-BN layers
is shown in Fig. 9.3b. It is dominated by four rays which are launched at the edges of
the split gate and undergo multiple reflections from the top and bottom surfaces. The
rays maintain a fixed angle with the c -axis. This angle
p to the anisotropy of
p is related
the permittivity via the analytical formula tan θ(ω) = i x,y (ω)/ z (ω). 78,79 It predicts
that |θ| changes from π/2 to 0 as ω varies across the reststrahlen band. The unusual ray
pattern of HPP emission in turn affects the spatial absorption pattern in graphene, which
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Fig. 9.3.: Near-field photocurrent measurement and simulated propagating HPPs.
a Near-field photocurrent measurement with subtracted background photocurrent of a
similar device with 42 nm of bottom h-BN thickness, 13 nm on top and a gap width of
50 nm. The top edge of the panel is the edge of the graphene and the gap position is
indicated. The left gate is set to −2 V and the right gate to 0.1 V. b Side views of the
propagating HPPs at 1400 cm−1 (below the maximum), 1515 cm−1 (at the maximum)
and at 1560 cm−1 (above the maximum) respectively.

is shown in the simulated spectral-spatial pattern of Fig. 9.2b. This pattern is dominated
by the four families of “hot spots” that correspond to the four HPP rays seen in Fig. 9.3b.
The separation of hot spots within each family is 2d | tan θ|, where d = dt + db is the total
thickness of the h-BN layers (Fig. 9.1c).
FDTD simulation details
The full wave simulations were performed using Lumerical FDTD. The frequency dependent permittivity of the h-BN was taken from ref. 78. The optical conductivity of the
graphene was calculated using the local random phase approximation at T = 300 K with
a scattering time of 500 fs. For each device the appropriate Fermi energy was used in the
simulations, however this did not influence the results significantly. In the simulations the
Fermi energy of the graphene is spatially constant (see the comment after eq. 9.5) but
frequency dependent. A plane wave source was used and the absorption cross section was
calculated by normalizing to the incident power. For simplicity the calculated absorption
does not take into account the cooling length of the graphene nor the carrier density
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profile.

9.2. s-SNOM measurements of the phonon polaritons
To investigate further the origin of the observed spectral peaks in the photocurrent and
further corroborate their phononic origin we carried out scanning near-field photocurrent
mapping of our devices. 195,233 In this technique a metallized atomic force microscopy tip
is illuminated with an infrared laser and a near-field is generated at the apex of the tip.
This enables us to measure the photocurrent with a spatial resolution greatly exceeding
the diffraction limit of light. 195 The representative results are shown in Fig. 9.3a. The
device region measured includes the gap of the split gate and one graphene edge localized
at the top of the frame.
The obtained photocurrent map reveals two series of sinusoidal spatial oscillations
(fringes) rather than sharply peaked hot spots seen in Fig. 9.2b. These smooth oscillations
can be explained if we recall that in an h-BN slab of small enough thickness d the HPPs
are quantized into discrete eigenmodes with in-plane momenta kl = tan θ(π l + φ)/d where
l = 0, 1, 2, . . . is the mode index and φ ∼ 1 is a phase shift that depends on the boundary
conditions (see Fig. 9.5b and e.g., Ref. 244). The collimated rays seen in Fig. 9.3b can be
understood as coherent superpositions of many such modes emitted by the split-gate. On
the other hand, in the photocurrent microscopy the role of the HPP emitter is played by
an AFM tip, which apparently couples predominantly to the l = 0 mode. 81 The horizontal
fringes in Fig. 9.3a are due to interference of l = 0 polariton waves launched by the tip,
which is backreflected at the graphene edge leading to a fringe spacing corresponding to
half the wavelength λp = 2π/k0 of this mode. 81 The vertical fringes are due to interference
of the l = 0 partial wave launched at the split gate 80 with the tip launched waves. In this
case the fringe spacing is λp . We do not observe HPPs launched by the tip and reflected by
the gap as there are no vertical fringes with half the wavelength visible. This interpretation
enables us to extract λp from the fringe spacing in the photocurrent maps. For example,
at 1428 cm−1 is λp = 460 ± 5 nm, which agrees with the calculated wavelength of 455 nm.
The observed fringes parallel to the gap on the left of Fig. 9.3a confirm that phonons are
indeed launched by the split gate and are converted into photocurrent.
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Fig. 9.5.: Analytic calculation of absorption spectra. a Momentum distribution provided by a metallic split gate with 100 nm gap width. The associated electric field profile
is shown in the inset. b HPP frequency dispersion curves showing discrete eigenmodes
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55 nm h-BN on top. c Real space absorption profile obtained from the analytic calculations. d The resulting absorption spectrum calculated in k-space of the total power
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9.3. Analytic device model
The analytic model described in the following was developed in collaboration with JhihSheng Wu and Michael M. Fogler from UCSD. In order to better understand which parameters determine the absorption spectrum we also modelled the system analytically. 244
In this model we approximate the electric fields at the bottom surface of the h-BN by the
electric field inside the gap −a < x < a cut along the y -axis in a perfectly conducting
plane z = 0 in vacuum:

Ex (x , z = 0) =

1
V0
Re √
.
π
a2 − x 2

(9.3)

Here V0 is the voltage across the gap, which is proportional to the field of the incident
beam (see inset Fig. 9.5a).
The Fourier transform of Ex is given by (Fig. 9.5a)
ex (k ) = V0 J0 (ka),
E

(9.4)

where J0 (z ) is the Bessel function of the first kind.
We then compute the field inside the h-BN-graphene layered structure using the transfer
matrix method (Fig. 9.5b) by assuming that Eq. 9.4 represents the field incident on the
structure from the bottom. The assumption is not strictly self-consistent because it does
not account for the backreaction of h-BN on the split-gate, in the form of the HPP rays
reflected back to z = 0 plane. A more accurate but also more complicated model that
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obeys the self-consistency condition has been developed by Jhih-Sheng Wu and Michael
M. Fogler from UCSD and is presented in the supplement of ref. 245.
We calculate the Fourier transform of the in-plane electric field at the graphene surface
as a function of momentum k . The power absorbed in the graphene is then expressed as
(Fig. 9.5d):
Z
1
ex (k )|2 dk ,
Re σ(ω) |E
(9.5)
p=
4π
where σ(ω) is the sheet conductivity of graphene at the laser frequency ω. Here, for
simplicity, we neglect the spatial variation of σ near the pn-junction as the hot spots
responsible for the absorption are typically found some distance away from the junction
(Fig. 9.5c).
From this model description it becomes clear that the characteristic momentum k ∼ 1/a
provided by the junction plays a crucial role for the frequency of maximum absorption. By
ex (k ) we are able to also calculate the spatial
calculating the inverse Fourier transform of E
profile of the electric field Ex (x ) and thus the spatial absorption profile (Fig. 9.5c). The
validity of our analytic model can be seen by the close resemblance between the analytically
calculated and FDTD simulated frequency dependent absorption profile (compare Fig. 9.2b
and 9.5c).

9.3.1. Origin of the photocurrent peak
From this model, the origin of the peak in the spectral photoresponse is the competition
between the following two processes: the dielectric losses in the h-BN and the (finite)
momentum provided by the junction. First, the losses in the h-BN contribute mainly to
the low frequency side due to the imaginary part of the permittivity which peaks at the
TO phonon frequency (1360 cm−1 ). The impact of this effect on the device responsivity
is enhanced by the obtuse angle with which the HPPs are launched, as the intensity of
the HPPs reaching the graphene becomes smaller with travelled distance. Second, the
momentum provided by the junction is responsible for the responsivity decay on the high
frequency side. Interestingly both of these effects depend on the h-BN thickness and on
the gap size. It is important to note that the impact of the h-BN thickness is twofold since
it is also changing the HPPs dispersion. 78 Thus by choosing the geometrical parameters
of the device, the device thickness and gap width, it is possible to tune the frequency as
well as amplitude of the photocurrent maximum within the reststrahlen band of h-BN.

9.3.2. Photoresponse tunability
Our analytic model has revealed the effect of two relevant geometrical parameters, the
stack thickness (dt + db ) and the split gate gap width (2a), on both the frequency and
the maximum absorbed power. In Fig. 9.7 we show these dependences for a large set
of geometries: 10 nm < dt + db < 150 nm and 30 nm < 2a < 150 nm. The frequency
dependence has the shape of a sloping plane of equation:

f /c (dt + db , 2a) = α(dt + db ) + β2a + 1405

(9.6)

Where α = 0.428 × 109 and β = 0.292 × 109 .
The map of the absorbed power reveals that the optimal geometry for a high absorption
is reached when both the gap width and sample thickness are small.
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Fig. 9.6.: Comparison between experiments, simulation and analytic model. a Responsivity spectra of the investigated devices. b Comparison of the peak frequency of
the devices obtained experimentally, by FDTD simulation and using the analytic model.
Where dt and db are the top and bottom thicknesses of the h-BN respectively and a is the
gap width. The parameters α and β are extracted from the analytic model. c Absorption
spectra calculated analytically. d Normalized peak values as a function of the detuning
(see text) of its frequency. The gray dashed-dotted line is a guide to the eye. The device
parameters for the different devices geometries are given in table A.2 appendix A.2.

9.3.3. Position dependent graphene absorption
In Fig. 9.8b we show the frequency dependent absorption profile of the HPPs by the
graphene σ(x )|E (x )|2 simulated using the analytic model. The intensity of the electric
field |E (x )|2 and the optical conductivity of the graphene pn junction σ(x ) in the case of
symmetric doping (EF = ±0.1 eV) are respectively presented in Fig. 9.8a and 9.8c. This
moderate doping level is the onset of the Pauli blocking, thus the absorption is slightly
reduced in the n and p region of the junction but remains unchanged in the intrinsic
part of the junction. In Fig. 9.8d we compare the absorbed power spectra of uniformly
doped graphene (EF = 0.1 eV) and of graphene pn junction (EF = ±0.1 eV). We observe
an extremely weak shift toward the high frequency in the case of the junction. This is
explained by the higher weight of the HPPs absorption in the intrinsic part of the junction
which takes place at higher frequency.

9.4. Experimental verification of the frequency
tunability
In order to show previously simulated frequency tunability, and to validate the physical
model, we fabricated different device geometries. Experimental responsivity spectra of the
different devices are plotted in Fig. 9.6a. All the spectra were measured using the gate
voltage configuration exhibiting the highest responsivity for the respective device. They
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exhibit different peak frequencies and responsivities and the trend is well captured by the
analytically calculated absorption spectra presented in Fig. 9.6c. The peak frequencies are
plotted in Fig. 9.6b as a function of the relevant geometrical parameters of the system.
These are the stack thickness d = dt + db , where dt and db are the bottom and top h-BN
thicknesses (Fig. 9.1c), and the split gate gap width 2a. The tunability of the investigated
devices spans over 60 cm−1 and the peak frequencies obtained using both the FDTD
simulations and the analytic model match the experimental ones. In Fig. 9.6d we plot the
responsivities of the measured devices normalized to the highest one as a function of the
peak frequencies. We find that the responsivity follows a bell shaped curve (Fig. 9.6d)
suggesting that the optimal geometry would lead to a peak frequency where there is a
trade off between low losses and high launching efficiency. Using the analytic model we
obtain a theoretical dependence of the frequency and of the absorbed power as a function
of the stack thickness and the gap size.
In this simple analytic model the frequency dependence of the gap voltage V0 (eq. 9.3)
is neglected. Thus, the coupling between the far-field light and the split gate is not
taken fully into account. 246 This leads to some discrepancy between simple theory and
experiment. In collaboration with Jhih-Sheng Wu and Michael M. Fogler we developed a
more sophisticated model

9.4.1. Transient device response
We have measured the device time response τ using the quantum cascade laser (Block
Engineering LaserScope) as a pulsed light source. In the experiment we record simultaneously the beam reflection on the sample with a MCT detector and the photocurrent of
the device. Using a fast oscilloscope (Teledyne Lecroy HDO6104 1GHz High Definition
Oscilloscope) to measure the MCT’s output we get the laser pulse width τL = 0.24 µs
(Fig. 9.9c). The photoresponse of the device is amplified with a current amplifier (Femto
DLPCA-200) and measured with the oscilloscope. In Fig. 9.9c we plot two line traces of
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the photocurrent obtained using two current amplifiers with two different cutoff frequencies of 200 kHz and 500 kHz. These results clearly show that we are limited by the cutoff
frequency of the amplifier thus we only get an upper value of the time response τ = 2 µs.

9.4.2. Noise equivalent power (NEP) estimation
Finally, we will address the photodetection device performance. We remark
√ that the device
operates at zero bias, leading to an extremely low noise level
(∼
4
nV/
Hz) from which
√
we estimate a noise equivalent power (NEP) of 26 pW/ Hz. From our simulations we
found that the active area is about 2.5 µm2 , i.e., only 2.5% of the device area. Thus,
the device can be easily scaled to smaller dimensions, with the potential to enhance the
performance by another factor of 40 because the total device resistance would be decreased
and thus the Johnson-Nyquist noise would decrease as well leading to a lower NEP.
In Fig. 9.9a and b we present respectively the gate dependence of the voltage noise and
of the logarithm of the noise equivalent power (log(NEP)). Because graphene pn-junction
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photodetectors operate at zero bias the electrical voltage noise is of thermal JohnsonNyquist type which can be extracted from the gate dependence resistance map using:
p
Snoise = 4kB T R
(9.7)
Where kB is the Boltzmann constant, T = 300 K and R = 1 kΩ is the measured resistance
of the full device. The NEP is calculated using:
NEP = Snoise /Rinternal

(9.8)

√
Where Rinternal is the internal responsivity. A minimal value of NEP = 26 pW/ Hz is
obtained for Vg1 = 1.35 V and Vg2 = −0.48 V, a slightly
different gate configuration than
√
for the maximal responsivity. Here Snoise = 4 nV/ Hz. The internal responsivity is given
by Rinternal = Rexternal /η = 150 V/W where Rexternal = 1 V/W is the measured responsivity
and η = Aabs /Aspot = 0.5% the percentage of absorbed light. Aspot = 491 µm2 is the
laser spot area and Aabs = σW = 2.5 µm2 is the active area where σ = 250 nm is the
absorption cross section obtained by FDTD simulations and W = 10 µm is the width of
the device.

9.5. Conclusion
We were able to show that hyperbolic phonon polaritons in h-BN can be detected electrically both in the near- and far-field using graphene. We have used a simple analytic
model as well as full FDTD simulations to understand the origin of the large photocurrent
enhancement observed when launching phonon polaritons. We were able to show how the
frequency response of such devices can be tuned. Our novel nano-optoelectronic infrared
detectors operate at room temperature, are highly efficient, and can be used for a wide
range of on-chip sensing applications.
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10. Summary and Outlook
In this thesis we have explored how to engineer the environment for graphene plasmons in
such a way that plasmons have long lifetime despite their strong subwavelength confinement (Chapter 3). We have shown that by choosing the right substrate, namely hexagonal
boron nitride, graphene plasmons can have a lifetime of up to 500 fs. We have shown that
this lifetime is partially limited only by the intrinsic acoustic phonons of the graphene at
room temperature, or in other words by the lattice vibrations of the graphene lattice itself. This long lifetime will allow applications of graphene plasmons that were previously
extremely difficult or even impossible to achieve such as transformation optics and flat
lenses. 20
In order to take advantage of the long lifetime of graphene plasmons and provide a first
proof of principle experiment of flatland transformation optics we have developed a phase
modulator for light (Chapter 4). This modulator is able to in situ tune the light phase of the
incoming light from 0 to 2π. This is achieved by tuning the graphene plasmon wavelength
locally by employing local gates to change the local carrier density. We have provided a
simple model of the system, which provides good agreement with the measurement, based
on the optical path length of light in a medium in order to provide an easy tool to design
such phase modulators. Further more we show that the simple model and data also agree
well with a more rigorous scattering theory approach. This experiment provides useful
insight into the behaviour of graphene plasmons at charge inhomogeneities and will prove
essential for developing flat lenses and other more advanced structures based on graphene
plasmons.
In order to extent the scope of conventional s-SNOM we have developed a tool which
we called near-field photocurrent nanoscopy (Chapter 7). This allows us to study different optoelectronic properties of graphene at the nanoscale in the mid-infrared region
with a resolution of ∼ 100 nm, much below any limitations associated with the 10.6 µm
wavelength of the light used for the experiments. Using this technique we gained new
insight into the charge density profile of grain boundaries in graphene grown by CVD and
imaged charge puddles in exfoliated graphene. We were also able to investigate the charge
density profile of graphene encapsulated in hexagonal boron nitride. We gained insight
into a previously unknown edge doping mechanism in such devices and showed that by
using local conductive gates this type of edge doping could be avoided. This technique
will allow new insight into the optoelectronic behaviour of different materials, not only in
two dimensions.
We have employed near-field photocurrent nanoscopy to study how graphene plasmons
decay into hot carriers and how we are able to detect them directly (Chapter 8). We
have used this to study for the first time propagating graphene plasmons in the terahertz
frequency range. We have shown experimentally that the graphene plasmon hybridizes
with the underlying local metal gates and show an acoustic disperion relation. This will
enable studying graphene terahertz physics with a nanoscale resolution as well as on chip
graphene plasmonic detectors.
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We have then taken advantage of near-field photocurrent nanoscopy to show how we
are able to detect phonon polaritons in the reststrahlen band of hexagonal boron nitride
electrically (Chapter 9). We combined the near-field technique with far-field scanning
photocurrent microscopy and electromagnetic simulations to show the phononic origin
of a strong photocurrent enhancement in the graphene in the mid-infrared. Using the
photocurrent enhancement we were able to show sensitive, tunable mid-infrared photodetectors based on graphene. This could allow infrared cameras based on such photocurrent
enhancement.
To sum up: The works this thesis is based on present significant steps towards applications in such diverse fields as graphene plasmonics and photodetection, exploiting the
nano opto-electronic properties of heterostructures of graphene and h-BN.
We provide a possible pathway towards on chip integrated graphene plasmonic devices by
significantly advancing the understanding of the lifetime limitations of graphene plasmons
and showing that broadband on chip electrical detection of graphene plasmons is possible.
We also showed a first device demonstrating the flatland transformation optics capabilities
of graphene plasmons and based on this small footprint phase modulator it should be
possible to build for example extremely compact interferometers. These different advances
add greatly to the toolbox graphene plasmons provide.
We also managed to develop a new nanoscale measurement tool which combines the
high spatial resolution of s-SNOM with the optoelectronic insights of scanning photocurrent microscopy. We successfully employed this photocurrent nanoscopy tool to measure
different optoelectronic properties of graphene. We used it to study the electrical detection of graphene plasmons in the infrared and terahertz and probed the linear plasmon
dispersion for terahertz plasmons close to a metal gate for the first time in real space.
We then employed the tool to show electrical detection of hexagonal boron nitride
phonons for the first time. In combination with our far-field measurements and extensive
simulations and theory we provide a pathway towards sensitive mid-infrared photodetectors
based on graphene.
For future generations of graphene plasmonic devices not only a long propagation length
is crucial but also an easy integration without the need for external lasers. This means
that it is necessary to eliminate the s-SNOM and the external laser source in the long
run to make graphene plasmonic devices a viable competitor for other biological sensing
techniques based on graphene or other systems, e.g. compared to using simple electronic
readout techniques. 247
One way to achieve this device miniaturization could be to excite the graphene plasmons fully electrically. 238,248 In other material systems, such as two dimensional electron
gases 249–253 and gold nanorods 254 electrical plasmon excitation has already been achieved.
Different device geometries could be used for this, such as tunneling junctions where the
electrons tunnel form gold or other metals to graphene or graphene/graphene tunnel junctions. In the latter case momentum matching has to be assured by properly aligning the
two graphene layers. 255
Furthermore graphene plasmons could be excited in such a way that their propagation is
topologically protected using magnetic fields. 256–258 This would allow even longer plasmon
propagation lengths then what is currently possible.

103

A. Appendices
A.1. h-BN permittivity parameters
Model
Geick 83

l
x, y
z

Cai 259
Caldwell 78
Cai "clean"
Cai "damaged"

x, y
z
x, y
z
x, y
z
x, y
z

εl (∞)
4.95
+
4.10
+
4.87
2.95
4.9
2.95
4.87
2.95
4.87
2.95

sv,l
1.868
0.209
0.530
0.456
1.83
0.61
2.001
0.5262
1.83
0.61
1.83
0.61

~ωv,l /meV
169.5
95.1
97.1
187.2
170.1
92.5
168.6
94.2
170.1
92.5
170.1
92.5

~γv,l /meV
3.6
3.4
1.0
9.9
—
—
0.87
0.25
0.87
0.25
6.5
1.9

Table A.1.: Different permittivity models for hexagonal boron nitride. Note that the
model of Geick et al. includes two vibrational modes for each direction. Cai et al. do not
include any calculations for the losses and thus no parameter ~γv,l is given.

The first three models are from the existing literature 78,83,259 and the last two are hybrids
that we have constructed in order to fit our experimental results. In future precision studies
it may be necessary to take into account (or exploit) the isotope effect of boron which
could allow tuning of the resonance frequencies by 3%, or to remove the dielectric loss
that originates from the isotope inhomogeneity of natural boron.
The Geick et al. study was performed on a large h-BN sample, and the authours found it
necessary to include an additional vibrational mode for each direction, in order to fit their
reflectance data. They attributed this necessity to the large degree of axis misalignment
among the crystallites, which would mix together the x and z permittivities. 83
The Cai et al. model in ref. 259 is a theoretical calculation for perfect h-BN. The
values of Cai et al. were used successfuly in modelling the propagating phonon polaritons
in Ref. 84 (see the supplement of that paper). This study however does not address the
expected dielectric losses.
Caldwell et al. present their values in the supplementary material of ref. 78. The
permittivity was inferred from reflectance measurements on thin h-BN exfoliated films,
originating from the same source as the h-BN films in our study. The parameters obtained
are very similar to the Cai et al. values.
Cai “clean” and Cai “damaged” in Table A.1 take the theoretical modes of Ref. 259 and
incorporates empirical losses based on refs. 78,83. Cai “clean” uses the losses for pristine
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A.2. Electrical phonon detection device parameters
thick films of h-BN as measured in ref. 78. In Cai “damaged” we amplify these losses to
appear similar to those observed for thin (<200 nm) h-BN films in the same work. As no
data were available on the losses of the z vibrational mode for thin films, we assume that
they increase in proportion with the x , y losses.
The model Cai “clean” was used to produced dispersion plots where we have matched
the measured plasmon wavelength; its low level of dielectric loss aids the visibility of
the modes. This last model, Cai “damaged”, was used in our calculations of plasmon
damping. The following subsections describe the parameter sets we have considered and
how dielectric loss may be modified in thin films of h-BN.

A.2. Electrical phonon detection device parameters
The device parameters used for the simulations of the different devices in chap. 9 as well
as the simulation results are shown in table A.2.

dt (nm)

db (nm)

2a (nm)

dgate (nm)

ωexp (cm−1 )

ωsim (cm−1 )

EF (meV)

3
55
9
17

30
50
27
60

70
100
150
60

15
30
15
30

1490
1520
1460
1512

1464
1515
1447
1505

72
52
37
82

Table A.2.: Parameters of the experimental devices. The first column is the device number.
The dimensions dt , db , and 2a are indicated in Fig. 9.1c. Variable dgate is the thickness of
the Au split-gate. Frequencies ωexp and ωsim are the positions of thermocurrent maxima in,
respectively, experiment and numerical simulations. EF is the Fermi energy of graphene.
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