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Abstract
Long wavelength light contains the infrared and terahertz (THz) spectral range of the

spectrum. This wavelength range spans approximately from 1 µm to 1 mm. Several ap-
plications can be explored in this spectral range such as thermal imaging, temperature
monitoring, night vision, etc. Moreover, molecular vibrations resonate at these energies
that are the fingerprints for compounds identification via molecular spectroscopy. Also,
THz light has an important role in security since at these frequencies is possible to achieve
a higher resolution for imaging compared to millimeter waves that are typically used in
airports. Despite all these potential applications, long wavelength light technology still
remains non-fully exploited. One of the reasons is due to the lack of competing instru-
mentation such as sources, modulators, detectors, sensors, etc. In particular, regarding
the detectors, the commercially available technology present some issues such as the tem-
perature of operation, speed, sensitivity, dynamic range, broadband frequency operation,
CMOS compatibility, size and compactness, etc. The extensive research during the last
years on graphene and other two-dimensional (2D) materials has opened new possibilities
of novel light matter interactions that can unveil the next generation photodectectors and
sensors, ascribed to the advantages respect to conventional semiconductors.

In this thesis, we focus on developing novel photodetection platforms in the mid, long-
wave infrared and THz range based on graphene pn-junctions with integrated metallic
nanostructures and hyperbolic 2D material. We have successfully integrated an antenna
with a graphene pn-junction for highly sensitive and fast THz detection in this regime.
This novel terahertz detector exploits efficiently the photothermoelectric (PTE) effect,
based on a design that employs a dual-gated, dipolar antenna with a nanogap. We have
demonstrated that this novel detector leads to an excellent performance, which fulfills
a combination of figure-of-merits that is currently missing in the state-of-the-art detec-
tors. We also overcame the main challenge of infrared photodetectors, which is to funnel
the light into a small nanoscale active area and efficiently convert it into an electrical
signal. We achieve this by efficient coupling of a plasmonic antenna to hyperbolic phonon-
polaritons in hBN to highly concentrate mid-infrared light into a graphene pn-junction.
We use a metallic bowtie antenna and H-shape resonant gates that besides concentrat-
ing the light into its nanogap, their plasmonic resonances spectrally overlap within the
upper reststrahlen band (RB) of hBN (6-7 µm), thus launching efficiently these HPPs
and guiding them with constructive interferences towards the photodetector active area.
Additionally, by having two different antennas orientation, it allows us to have sensitive
detection in two incident polarizations. Furthermore, we have shown mid and long-wave
infrared photocurrent spectroscopy via electrical detection of graphene plasmons, hyper-
bolic phonon-polaritons and their hybridized modes. We combined in one single platform
the efficiently excited polaritonic material that also acts as a detector itself. We identified
peaks in the photocurrent spectra that evolves and blue shift by increasing the gate volt-
age, which are related to the polaritonic resonances. Finally, we investigated the electrical
detection of molecular vibrations coupled to hyperbolic phonon polaritons in hBN. We de-
tected this strong light-matter interaction via a graphene pn-junction placed at the vicinity
of the molecules-hBN stack. The edges of the gap of the local gates launch efficiently the
hBN HPPs that interact with the CBP molecular resonances that are spectrally located at
the upper RB. We explored this interaction as a function of the thickness of the molecular
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layers, near and far field contribution, etc.
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Resumen
La luz de longitudes de onda largas consiste en el rango de infrarojo y terahercio (THz)

del espectro. Este rango de longitud de ondas oscila entre los valores de 1 µm a 1 mm. En
esta frecuencias, muchas aplicaciones pueden ser exploradas como por ejemplo las cámaras
térmicas, monitorización de temperatura, visión nocturna, etc. Además, las vibraciones
moleculares de muchos materiales oscilan en este rango de energías. Estas resonancias
son utilizadas como huellas dactilares para la identificación de compuestos utilizando la
espectroscopía molecular. También, la luz de terahercio juega un papel importante en
el sector de seguridad. Esto se debe a que en estas frecuencias se puede conseguir una
mayor resolución de imagen en comparación a las ondas milimétricas que son utilizadas
mayoritariamente en los aeropuertos. A pesar de todo este potencial para diferentes sec-
tores, la tecnología basada en luz de longitudes de onda largas sigue sin ser explotada
del todo. Una de las razones es por la falta de equipos eficaces como por ejemplo las
fuentes de luz, moduladores, detectores, sensores, etc. En particular, los detectores que
se comercializan actualmente presentan limitaciones significativas como la temperatura de
operación,velocidad, sensitividad, rango dinámico, ancho de banda de frecuencias, compat-
ibilidad con CMOS, tamaño, etc. La investigación exhaustiva durante los últimos años en
grafeno y otro materiales bidimensionales (2D) ha abierto nuevas posibilidades de nuevas
interacciones entre materia y luz que podría contribuir para la nueva generación de fotode-
tectores y sensores debido a las ventajas de estos materiales respecto a los semiconductores
convencionales.

En esta tesis nos enfocaremos en el desarrollo de plataformas novedosos en fotodec-
ción en el infrarrojo medio, largo y en el rango de terahercio. Estas plataformas están
basadas en junciones pn de grafeno integradas con nanoestructuras metálicas y materi-
ales 2D hiperbólicos. Hemos integrado satisfactoriamente una antena con una junción pn
de grafeno para una detección sensitividad alta y rápida de terahercio. Este fotodetec-
tor novedoso de terahercio utiliza eficientemente el efecto fototermoeléctrico, el cual esta
basado en un diseño que emplea una antena con un nanogap que a su vez actúa como
doble puerta. También hemos demostrado que este novedoso detector realiza un gran
desempeño, consiguiendo una combinación de aspectos a destacar que actualmente no se
encuentran en los detectores en literatura. Además. superamos el mayor desafío de los
detectores de infrarrojo, el cual consiste en dirigir este tipo de luz en la nanoescala hacia
el área activa del detector y convertirla en una señal eléctrica. Conseguimos esto mediante
una acoplación eficiente de una antena plasmónica con los fonones polaritones hiperbólicos
(HPPs) para concentrar altamente la luz infrarroja media a una junción pn de grafeno.
Utilizamos una antenna "bowtie" metálica y unas puertas resonantes con forma de H que
además de concentrar la luz en su nanogap, sus resonancias plasmónicas solapan espec-
tralmente con la banda reststrahlen (RB) superior del hBN (6-7 µm). Esto induce a que
se puedan excitar eficientemente los HPPs y se guian hacia la área activa del fotodetector
mediante intereferencias constructivas. Más aún, hemos demostrado en la espectroscopía
de fotocorriente en el infrarrojo medio y largo mediante la deteción eléctrica de polari-
tones 2D. Hemos combinado en una sola plataforma el material plasmónico que a su vez
actúa como el fotodetector. Hemos identificado picos en el espectro de fotocorriente que
evoluciona a medida que aumentamos el potencial de puerta, lo cual es una insignia de
una resonancia polaritónica. Finalmente, investigamos la deteción eléctrica de vibraciones
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moleculares acopladas a HPPs en hBN. Hemos detectado esta fuerte interacción de luz
y materia mediante una junción pn de grafeno que esta próxima a este pila de capas
moleculares-hBN.

10







Contents
1 Introduction 17

1.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.2 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.3 Long wavelength detectors . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.4 Graphene overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.5 Electronic properties of graphene . . . . . . . . . . . . . . . . . . . . . . 21
1.6 Optical properties of graphene . . . . . . . . . . . . . . . . . . . . . . . 22

1.6.1 Optical conductivity . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.6.2 Plasmons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.6.3 Graphene Plasmons . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.7 Hexagonal boron nitride: electronic properties . . . . . . . . . . . . . . . 27
1.8 Hexagonal boron nitride: optical properties . . . . . . . . . . . . . . . . . 28
1.9 Photodetection mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.9.1 Bolometric effect . . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.9.2 Photovoltaic effect . . . . . . . . . . . . . . . . . . . . . . . . . 29
1.9.3 Photothermoelectric effect . . . . . . . . . . . . . . . . . . . . . 30

2 Fabrication and measurement techniques 31
2.1 Fabrication of 2D heterostructures . . . . . . . . . . . . . . . . . . . . . 32

2.1.1 Mechanical exfoliation and characterization . . . . . . . . . . . . 32
2.1.2 Characterization techniques . . . . . . . . . . . . . . . . . . . . . 33
2.1.3 2D heterostructures assembly . . . . . . . . . . . . . . . . . . . . 34

2.2 Fabrication of electrical contacts and metallic nanostructures . . . . . . . 36
2.3 Measurements techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3.1 Electrical measurements . . . . . . . . . . . . . . . . . . . . . . . 37
2.3.2 Scanning photocurrent microscopy . . . . . . . . . . . . . . . . . 38
2.3.3 Photocurrent spectroscopy at mid-IR, LWIR and THz range . . . 39
2.3.4 Responsivity and NEP calculation . . . . . . . . . . . . . . . . . 39

3 Antenna-integrated graphene pn-junction for fast and sensitive terahertz
detection 43
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.3 Experimental THz setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.4 Device working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.6 Speed measurements and calculations . . . . . . . . . . . . . . . . . . . 55
3.7 Analytical model and discussion . . . . . . . . . . . . . . . . . . . . . . . 59
3.8 Thermoelectric simulations . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.9 Device benchmark . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

13



Contents

3.10 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4 Plasmonic antenna coupling to hyperbolic polaritons for mid-infrared pho-
todetection with graphene 67
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.2 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3 Experimental mid-IR setup . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.4 Device working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.5.1 Photocurrent measurements and spectral response. . . . . . . . . 71
4.5.2 Spectral and spatial analysis of the photoresponse. . . . . . . . . 74
4.5.3 Speed, sensitivity and device benchmark. . . . . . . . . . . . . . . 81

4.6 Photoresponse modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.6.1 Optical modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.6.2 Thermoelectric modeling . . . . . . . . . . . . . . . . . . . . . . 86
4.6.3 Electrostatic modeling . . . . . . . . . . . . . . . . . . . . . . . . 88
4.6.4 Device resistance modeling . . . . . . . . . . . . . . . . . . . . . 88

4.7 Speed calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.8 Gate gap effect on the photoresponse . . . . . . . . . . . . . . . . . . . 91
4.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5 Mid-infrared photocurrent spectroscopy via electrical detection of 2D po-
laritonic nanoresonators 97
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.2 Device fabrication and working principle . . . . . . . . . . . . . . . . . . 99
5.3 FTIR and mid-IR/LWIR setup . . . . . . . . . . . . . . . . . . . . . . . . 100
5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.4.1 FTIR transmission measurements . . . . . . . . . . . . . . . . . . 101
5.4.2 Photocurrent measurements and device responsivity . . . . . . . . 104
5.4.3 Photocurrent spectra . . . . . . . . . . . . . . . . . . . . . . . . 106
5.4.4 Dispersion relation of the 2D polaritons . . . . . . . . . . . . . . 111
5.4.5 Tunability of the 2D polaritonic nanoresonators . . . . . . . . . . 112
5.4.6 Power dependence of the photoresponse . . . . . . . . . . . . . . 113

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6 Electrical detection of molecular vibrations coupled to hyperbolic phonon
polaritons 117
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.2 Device fabrication and working principle . . . . . . . . . . . . . . . . . . 121
6.3 mid-IR/LWIR and FTIR setup . . . . . . . . . . . . . . . . . . . . . . . . 124

6.3.1 Photocurrent measurements and device responsivity . . . . . . . . 124
6.3.2 CBP molecules effect on the photocurrent . . . . . . . . . . . . . 125
6.3.3 Dielectric loading effect . . . . . . . . . . . . . . . . . . . . . . . 128

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

7 Conclusions and outlook 129

Publications 133

14



Contents

References 141

15





1 Introduction

17



1 Introduction

1.1 Preface

Infrared light is typically divided in several spectral regions such as near infrared (∼0.75 to
3 µm), mid-infrared (∼3-8 µm), long-wave infrared (∼8-15 µm) and far infrared (∼15-30
µm). This separation of the range is loosely defined and depends mostly on the context
or application.1,2 The photodetectors at this wavelength range, specifically the mid and
long-wave infrared, are widely used in several fields such as thermal imaging1, temperature
monitoring2, night vision3, motion detection,1 surveillance,1,2 etc. Moreover, molecular
vibrations resonate at these energies that are the fingerprints for compounds identification
via molecular spectroscopy.4–6

The terahertz (THz) range is spectrally located between 30 µm to 3 mm (∼0.1-10 THz).
This particular region of the light spectrum is of great interest in many applications such
as biomedical sensing and imaging,7,8 wireless communication,9 etc. In particular, THz
light is important in security since it is capable of a higher resolution for imaging compared
to millimeter waves that are typically used in airports.10 In addition to this, THz light can
penetrate dielectric materials that allow to detect explosives, drugs, etc.11

Despite all these potential applications, long wavelength light technology still remains
non-fully exploited.7 One of the reasons is due to the lack of competing instrumentation
such as sources, modulators, detectors, sensors, etc. Particularly regarding the detec-
tors, the commercially available technology present some issues such as working at room
temperature,10 speed,12 sensitivity,1 dynamic range,10 broadband frequency operation,2,10
compatibility with the complementary metal oxide semiconductor (CMOS) technology,3
size and compactness,1,13 etc.

The extensive research during the last years on graphene and other two-dimensional (2D)
materials has opened new possibilities of novel light matter interactions that can lead to
the next generation photodetectors and sensors.2,14–16 These low dimensional materials
present a clear advantage respect to conventional semiconductors since they are easier to
integrate with silicon CMOS technology.2,3

In this thesis, we develop novel photodetection platforms in the mid, long-wave in-
frared and THz frequency range based on graphene pn-junctions with integrated metallic
nanostructures and hyperbolic phonon polaritons in hBN. We demonstrate photodetec-
tion competing performances that overcome the figure of merits of the state-of-the-art
graphene photodetectors and commercially available detectors. We also show electrical
detection of 2D polaritonic nanoresonators that can be use for enhanced and spectrally
selective photodetection, sensing, as a spectrometer, etc. Last but not least, we also elec-
trically detect molecular vibrations coupled to hyperbolic phonon polaritons that paves the
way for a highly sensitive compact sensor for molecular spectroscopy.
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1.2 Thesis outline

1.2 Thesis outline
The thesis is organized as follows:

- In Chapter 1, we give an overview of the capabilities and limitations of the detectors in
the infrared and terahertz regime, the main optoelectronic properties of the 2D materials
(graphene and hexagonal boron nitride) used as building blocks in the photodetectors.
Also, we describe a brief summary of the main photodetection mechanisms in graphene
detectors.

- We describe the state-of-the-art 2D heterostructures assembly in Chapter 2. We il-
lustrate the fabrication techniques used to produce our devices and the main techniques
we employed to measure the optoelectronic properties of the photodetectors, including the
main figure of merits.

- In Chapter 3, we describe a highly sensitive and fast photodetector in THz based on an
antenna-integrated graphene pn-junction. We illustrate that the photocurrent mechanism
is driven by the photothermoelectric (PTE) effect in this regime, study the speed of these
detectors and support the results by numerical simulations.

- In Chapter 4, we explore in depth the coupling between a plasmonic antenna with
hyperbolic phonon polaritons in hBN. This strong light-matter interaction is investigated
for mid-infrared photodetection using graphene.

- In Chapter 5, we demonstrate a suitable platform for long wavelengths photocurrent
spectroscopy. This is achieved via electrical detection of 2D polaritonic nanoresonators.

- We investigate the electrical detection of molecular vibrations coupled to hyperbolic
phonon polaritons via a graphene pn-junction photodetector in Chapter 6.

The Conclusion section includes a summary of the major accomplishments in this work
together with an outlook of the future directions of each chapter and potential applications
in the infrared regime.

1.3 Long wavelength detectors
Silicon (Si) photodiodes are widely used as detectors for visible light.1,3 These detectors
are able to measure incident light with an energy larger than the Si bandgap of 1.1 eV
(λ = 1.1 µm) mediated by interband transitions. Thus, these detectors covers the visible
and even a fraction of the near infrared range (λ = 0.4 - 1.1 µm). Nevertheless, beyond
this small fraction of the light spectrum towards long wavelengths such as the mid-infrared
or terahertz range other type of detectors are required to measure this light. These detec-
tors are often classified depending on their mechanism of detection in the following two
categories2,10,12}: thermal and photon detectors. The main figure of merits (FOM) that
we compare between these detectors are the following: operation temperature, response
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time (speed), dynamic range, which is the power range that the detector shows linear
photoresponse. Regarding the sensitivity, several figure of merits are evaluated such as
responsivity, noise-equivalent-power (NEP) which is the minimum detectable power that
gives a signal-to-noise-ratio (SNR) of 1, detectivity that is inversionally proportional to
NEP but considering the photoactive area. Moreover, the integration of these detectors
to the CMOS (complementary metal oxide semiconductor) technology is also analyzed, as
well as the detector compactness, size, weight and power consumption.

For the case of thermal detectors, the most frequently used are bolometers and pyro-
electric detectors. The former ones are made of resistors with a small heat capacity and
high temperature coefficient of resistance.2,10 The mechanism is based on the change of
its resistance owing to the heat produced by absorption of incident light. In the mid-IR
the typical bolometric detectors are based on vanadium oxide.1,2 On the other hand, the
pyroelectric detectors are based on the spontaneous electrical polarization ascribed to the
temperature change induced by the absorption of IR/THz light.12,109 This effect produces
a voltage across the top and bottom electrodes. Usually, commercially available pyro-
electric detectors show good NEP of 0.2 nW/

√
Hz and detectivity of 9×108 Jones, but

a slow response time in the order of seconds.12 One general advantage of this type of
room temperature detectors is the broadband frequency operation that ranges between
0.1-30 THz or from UV range to LWIR depending on the model.12 In the case of the com-
mercial bolometers we highlight the superconducting bolometer case that show a NEP
sub-pW/

√
Hz with a rise of 50 ps.10 The operation range is between 0.1-6 THz, however

it has a low dynamic range (maximum detectable power of µW) and operates at cryogenic
temperatures (4 K).10

Regarding the photon detectors, they are based on the interaction between electrons
bound to lattice atoms/impurities or free electrons with light absorbed in a material. As a
result, a change in the electronic energy distribution will cause an output electrical signal.
The photon detectors also can be divided in two types depending on the charge carriers
that carry the signal2: 1) minority and 2) majority charge carriers. The former type,
usually consist on the direct band gap semiconductors such as HgCdTe (MCT, mercurium
cadmium telluride). In the mid-infrared range, typically InGaAs and MCT are frequently
used.1,2 The former one covers the range up to 2.6 µm and the latter one up to 10.6 µm
(13 µm at low temperature). These detectors can reach a fast rise time of few nanoseconds
and also high sensitivity with detectivities in the range of 108 Jones.2 Frequently, these
photodetectors require an input bias and/or low temperature operation to reduce dark
current. Furthermore, MCT and InGaAs require a complex growth process and also are
challenging to integrate with CMOS technology due to the lattice mismatch with silicon
substrate.2,3 Additionally, the fabrication of these materials involve toxic elements such
as mercury, cadmium, arsenic, etc.1,2 On the other hand, the majority charge carriers
photodetectors consist on Schottky barrier detectors or quantum wells with mediated in-
tersubband transitions. In particular, Schottky diodes in the THz regime17 are frequently
used due to its room temperature operation that also combines the high speed (response
time in the picoseconds range) and high sensitivity (NEP of 10-100 pW/

√
Hz).17 However,

they have a low frequency cutoff (operation only below ∼1 THz) and a small dynamic
range.17 As it will be presented in this thesis, these major challenges mentioned above can
be overcome by using graphene and other 2D materials.

20



1.4 Graphene overview

1.4 Graphene overview
Since the first experiment back in 2004 performed by the Nobel Prize laureates Andre
Geim and Konstantin Novoselov, graphene and low dimensional materials have raised the
interest of a big part of the scientific community.18 These materials opened new perspec-
tives in many research fields that ranges from optoelectronic to biomedical devices.2,14,15,19
Among these low dimensional materials, graphene is the one that has been more widely
investigated.18 This two-dimensional (2D) material is based on carbon atoms arranged
into a hexagonal honeycomb lattice as shown in Fig. 1.1a. Graphene shows intriguing
properties such as broadband absorption spectrum,20,21 high carrier mobility (> 10,000
cm2/Vs)18,22 at room temperature, small heat capacity,23 etc.

These outstanding optoelectronic properties are given by its band structure, which has
zero band gap meaning that its valence and conduction band touch at the so-called Dirac
point or charge neutrality point (CNP).18,20,21 Due to this, graphene is classified as a
zero band-gap semiconductor or semimetal. This can be explained owing to the fact that
the energy dispersion as a function of momentum is linear, which is accomplished for
low energy values (∼ 1 eV).18,24,25 This linearity considers the charge carriers as massless
particles, hence assuming they have zero effective mass and are described by the Dirac
equation.18,24,25 In addition, the Fermi energy in graphene is determined by equation 1.1
and can be tuned respect to the CNP by changing the charge carrier density (ns):

EF = ~vF kF = ~vF
√
πns (1.1)

where EF is the Fermi energy, ~ is the reduced Planck’s constant, vF is the Fermi ve-
locity of the charge carriers given by vF ≈ c/300 m/s and kF is the Fermi wave vector.

1.5 Electronic properties of graphene
The graphene charge carrier density can be tuned electrostatically by applying a gate
voltage18:

ns =
√
((VG − VCNP)Cox/e)2 + n2

0 (1.2)

where VG stands for the applied gate voltage, VCNP as the voltage at which the CNP is
located due to intrinsic doping of graphene, Cox = ε0εsub/tsub is the capacitance per unit
area of the substrate with εsub and ε0 as the DC dielectric permittivity of the substrate
and free space respectively. The thickness of the substrate is given by tsub and n0 is the
residual carrier density at CNP. The gate voltage typically is applied via a silicon backgate
(or a metallic local gate) separated by a thin silicon dioxide layer (SiO2) of ∼300 nm (or
a thin layer of hBN). Thus forming a parallel plate capacitor between the Si backgate
and graphene, where the charges accumulate on the gaphene as a function of the applied
voltage (VG ).
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a) b)

Fig. 1.1: a) Graphene, constituted by carbon atoms represented in black dots, forms a
hexagonal honeycomb lattice. b) Graphene resistivity as a function of the gate voltage
at 1 K. The inset shows the Fermi level as a function of the different gate voltages. By
applying positive (negative) voltages, it induces electron (hole) doping. Figure adapted
from ref. 18.

The charge carrier density is related to the electrical conductivity (σ) by the following
equation:

σ = nseµ (1.3)

where µ is the charge carrier mobility of graphene and e the elementary charge. The
conductivity of graphene is the inverse of the resistivity (σ = 1/ρ) that together with a
geometrical factor dictate the channel resistance using the following equation18:

R =
ρL

W
(1.4)

where L and W correspond to the length and width of the graphene channel. Hence,
the electrical properties of graphene can be tuned by changing the carrier density.18,25 We
observe in Fig. 1.1b the resistivity changes the majority charge carriers with the applied
gate (VG ) from holes at negative voltages to electrons towards positive voltages. When
ns approaches to zero, the graphene shows maximum resistivity at the CNP. It is worth to
mention that even thought ns decreases significantly, the conductivity does not reach zero
ascribed to n0, which includes the charge impurities, dopants, etc. Moreover, although
graphene charge carrier mobility achieves values in order of ∼ 10,000-100,000 cm2/Vs at
room temperature, it’s limited by Coulomb scattering, acoustic phonons, etc.18,26

1.6 Optical properties of graphene
Owing to graphene’s linear band structure and the fact that doesn’t have a band gap,
it provides a broad band optical absorption as shown in Fig. 1.2a.20,24,25 We identify in
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a) b)

123

123

Fig. 1.2: a) Absorption spectrum of graphene from visible towards terahertz range. b)
Optical transitions in graphene corresponding to the different ranges labelled in a. Figure
adapted from 24.

Fig. 1.2a a frequency dependent optical spectrum spanning from visible towards terahertz
(THz) light, which exploits different optical transitions in graphene (see Fig. 1.2b).20,24
First, at the ultraviolet, visible and near-infrared (NIR) range (region labeled as 1 in Fig.
1.2a-b) we observe a flat absorption of 2.3%, known as the universal optical absorption
constant of graphene (α = e2/~c = 1/137) as this value is independent of the mate-
rial parameters.18,20,24 This absorption mechanism occurs due to interband transitions as
shown in the band structure schematic in Fig. 1.2a-b, which takes place when the inci-
dent frequency is two times higher than the Fermi energy (Elight > 2EF ).24 We point out
that this absorption value is accomplished for suspended graphene, thus it might change
considerably when graphene is placed on a substrate.25

Regarding the mid-infrared range (region 2 in Fig. 1.2), we notice a significant decrease
in the absorption that corresponds to the so called Pauli blocking regime,24,25 forbidding
interband transitions of an electron from the valence to the conduction band. This occurs
when Elight < 2EF . Nevertheless, mid-IR light can be absorbed via disorder in graphene
that provides the momentum required.25 It is worth to mention that these disorder me-
diated transitions mainly occur in low mobility samples.25 Finally, at THz frequencies
(region 3), we observe that the absorption increases compared to the one at mid-IR range
ascribed to intraband transitions.20,24,25 In this regime when the photon energy is much
lower compared to the Fermi energy (Elight << EF ), the absorption is mediated by free
carriers and is described by the Drude response of graphene.20,24,25,27 Analogous to the
electronic properties of graphene, its optical response is also highly gate tunable, thus
allowing different absorption regimes even at a fixed light frequency.25

1.6.1 Optical conductivity

The optical transitions discussed above are contained in the optical conductivity of graphene.
Different models are used to describe this function, however in this thesis we mainly focus
on the Drude response and local random phase approximation (RPA).25
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Drude model

The Drude response for metallic materials is represented by free electrons. In the case
of graphene, this model describes well its conductivity in particular for the intraband
transitions. In this regime Elight << EF and ωτ << 1 and the conductivity is described
as following:

σ(ω, τ , ns) =
2e2vF

√
πns

h

i

ω + i/τ
=

e2EF

π~2
i

ω + i/τ
(1.5)

where ω is the angular frequency of the incident light, τ the scattering time of the
charge carriers and h (~) is the (reduced) Planck constant. The permittivity and optical
conductivity of graphene are related by the following equation25:

ε(ω) = 1 +
iσ(ω)

ε0ω
(1.6)

Local random phase approximation

In order to contain the whole graphene absorption spectrum in the optical conductivity,
the interband and intraband contribution should be considered, as well as its dependence
with doping level, carrier mobility and temperature. In the regime of local RPA for small
momenta (q→ 0) and finite temperature (T),25,28 the optical conductivity is described as
following:

σ(ω) = σintra(ω) + σinter(ω), (1.7)

σ(ω,T ) =
2e2T

π~
i

ω + i/τ
log[2 cosh(EF/2kB T )]+

e2

4~

[
H(ω/2) +

4iω

π

∫ ∞
0

dε
H(ε)− H(ω/2)

ω2 − 4ε2

]
,

(1.8)

H(ε) =
sinh(~ε/kB T )

cosh(EF/kB T ) + cosh(~ε/kB T )
(1.9)

where kB is the Boltzmann constant. The terms on equation 1.8 correspond to the
intraband and interband absorption contributions respectively, with the intraband term
described similarly with the Drude response as shown in equation 1.5. In Fig. 1.3 we
observe the real and imaginary part of the local RPA optical conductivity.25 We point
out that we observe the 3 regimes explained for Fig. 1.2. The tunability of the optical
conductivity is also observed in Fig. 1.3 by varying the Fermi level.

1.6.2 Plasmons
Surface plasmon polaritons (SPP) are collective excitation of free electrons coupled with
incident light at the interface of a metal surrounded by dielectric media as shown in Fig.
1.4a.25 They are characterized a significantly reduced wavelength and extreme volume
confinement.25,30 The dispersion relation of these SPP is described by:
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1.6 Optical properties of graphene

Fig. 1.3: Real (solid lines) and imaginary parts (dashed lines) of the optical conductivity
at different Fermi energies. Figure taken from reference 29.

ksp =
ω

c

√
εdεm(ω)

εd + εm(ω)
(1.10)

where ω stands for the free space angular frequency of the incident light, c for the speed
of light in vacuum, εd and εm are the permittivity of the dielectric and metal respectively.
The permittivities need to accomplish the condition εd > 0 and Re εm < 0 in order to
sustain the transverse magnetic (TM) SPP modes.25

The SPP wavelength is given by λsp = 2π/Re ksp, which is significantly lower than
the incident wavelength.25,30 In order to excite these plasmons, it’s necessary to compen-
sate the wave vector mismatch between the incident light and polaritonic wave vector via
metallic grating structures, prism coupling, etc.30 Additionally, at the mentioned interface,
the penetration depth of the plasmon field (non-radiative) has a mode confinement in the
axial direction of few nm at the mid-IR range, which is much lower than the diffraction
limit.30 Due to this, the electric field enhancement produced is several orders of magnitude
higher compared to the incident light, thus increasing light-matter interactions.30

1.6.3 Graphene Plasmons
Graphene is able to carry plasmonic resonances driven by collective excitations of holes or
electrons at sufficiently high Fermi energy. In comparison with its metallic counterpart,
graphene presents lower loss plasmons owing to the considerably lower imaginary part of
its optical conductivity. Moreover, it shows some other advantages such as higher confine-
ment mode volume31,32 and in-situ tunability of the plasmonic resonance via electrostatic
doping. For all mentioned above, graphene plasmons are appealing for several applications
in the field of sensing, photodetection13, data communications, etc.21,25

The graphene plasmons properties can be described by considering its surface optical
conductivity and following the boundary conditions at the interface25:
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a) b)

Re k
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light line
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Fig. 1.4: a) Schematic of a surface plasmon polariton propagating at the interface between
a metal (gray rectangle) and dielectric medium. The evanescent field of this polariton is
represented at the left side of the panel. b) Dispersion relation of the SPP. The dispersion
curves depict the lower and upper SPP modes. The upper curve (at ω > ωP) corresponds
to the radiation modes of unbounded SPPs. The lower curve depicts the bound SPPs.
The dashed line is the linear dispersion of incident light. Figure adapted from reference
30.

Fig. 1.5: Plasmons dispersion in graphene. The loss function is plotted in the color scale,
which is the imaginary part of the reflection coefficient Im(rp) calculated using RPA optical
conductivity, as a function of the normalized energy and normalized momentum with Fermi
energy of 0.2 eV. We see the loss function loses its intensity at high energy-mometum as
it reaches the Landau damping regime (electron-hole continuum). Figure adapted from
reference 25.
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ε1
k1(q,ω)

+
ε2

k2(q,ω)
+

iσ(ω)

ε0ω
= 0 (1.11)

where ε1 and ε2 are the permittivities of the substrate (labeled as region 1) and super-
strate (labeled as region 2) respect to graphene and ε0 as the vacuum permittivity. The
out-of-plane wave vectors are represented by k1 and k2, σ(ω) as the optical conductivity
of graphene and q as the in-plane wave vector.

By considering the dispersion relation for SPP in metal described in Eq. 1.10 and
including the optical conductivity of graphene, which at long wavelengths (i.e. mid-IR or
THz) is dominated by Drude response as described in Eq. 1.5 in the non-retarded regime
(q > √εrω/c),25 thus obtaining:

q ≈ i2ωε0εr

σ(ω)
(1.12)

where εr is the average permittivity of the surrounding media (substrate and super-
strate). By neglecting τ−1 in Eq. 1.5 and merging with Eq. 1.12,25 we obtain:

~ωGSP ≈
√

2α

εr
EF~cq (1.13)

The Eq. 1.13 shows the plasmon dispersion dependence ωGSP ∝
√

q and also the charge
carrier density dependence ωGSP ∝ n

1/4
s , which exhibit its resonance tunability.

The graphene plasmon wavelength (λGSP) in the electrostatic limit,25 valid due to
λGSP is considered much smaller than the radiation wavelength, is described by λGSP =

2π/Re (q) and is related with the incident light wavelength (λ0) by:

λGSP

λ0
=

2α

εr

EF

~ω
(1.14)

1.7 Hexagonal boron nitride: electronic properties
Hexagonal boron nitride (hBN) is a layered material based on two-atom unit cell (B and
N), which presents strong covalent bonds between these atoms and weak Van der Waals
(VdW) forces between adjacent layers.16,33 hBN has similarities in the crystallographic
arrangement compared to graphene. Due to this fact, the lattice constant of hBN is just
∼ 1.7% larger than the graphene one.16,33 Moreover, it presents an atomically flat surface
that makes hBN a suitable candidate for using it as a substrate for graphene devices. One
advantage besides other atomically flat materials is that it’s an insulating material due to
its large bandgap of ∼ 6 eV.16,33 In addition to be an ideal material for encapsulation of
graphene or other 2D materials, it also serves as a gate dielectric with a dielectric constant
of εr ∼ 3-4 and a breakdown voltage of ∼ 0.7 V/nm.34
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Fig. 1.6: Real part of the hBN permittivity components, where εt represents the in-plane
component (defined previously as εx ,y ) and the out-of-plane component (εz). The upper
and lower restrahlen bands are highlighted in gray. Figure adapted from reference 35.

1.8 Hexagonal boron nitride: optical properties
hBN presents interesting optical properties, in particular this low dimensional material
is a natural hyperbolic material at mid-IR frequencies since it shows hyperbolic phonon
polaritons (HPPs)14–16,35,36. This fact is due to its anisotropic permittivity (ε), where
the in-plane (εx = εy ) and out-of-plane (εz) permittivity present opposite sign at the
restrahlen bands (RBs) as shown in Fig. 1.6. These bands are spectrally located between
the transversal (TO) and longitudinal (LO) optical phonons.16,33 These RBs are present at
mid (∼ 6.2-7.3 µm) and long-wave infrared (∼ 12.1-13.2 µm) range, where the real part
of the permittivity has a negative sign (either εx = εy > 0 and εz < 0 or vice versa).16,33
Hence, the dispersion of the modes in k-space results in a hyperboloidal constant frequency
surface instead of the typical spherical one for isotropic permittivity materials. This allows
HPPs with a extremely small wavelength, thus with high momentum (k). Moreover, these
polaritons propagate as a ray-like waves with a frequency dependent angle33,35,37:

θ(ω) = arctan(i
√
εx ,y (ω)/

√
εz(ω)) (1.15)

1.9 Photodetection mechanisms
In this section we discuss the main mechanisms of photocurrent generation driven in
graphene, which are represented in Fig. 1.7.19

1.9.1 Bolometric effect
This mechanism relies on the change in electrical conductance (∆σ) or in resistance (∆R)
ascribed to the change in temperature (∆T ) due to the absorption induced by the inci-
dent light (see Fig. 1.7a).19,38–40 In particular, the modification of ∆σ is produced by the
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1.9 Photodetection mechanisms

a) b) c)

Fig. 1.7: Photocurrent mechanisms in graphene a) Bolometric effect representation in
a graphene device. The red color represents high electronic temperature of the charge
carriers and ∆R the measured differential resistance when exposing to illumination. b)
Photovoltaic effect schematic that shows the separation of electron-hole pair via the built-
in electric field. c) Photothermoelectric effect representation showing the temperature
gradient (∆T ) across the channel and asymmetry in the Seebeck coefficient at the two
regions (S1 and S2) due to the pn-junction configuration. Figure adapted from reference
19.

changes in carrier mobility (∆µ). Hence this effect is based on the modifications of the
transport properties of graphene rather than the transport of charge carriers. For opera-
tion under this mechanism is necessary a bias input in the channel as the change in ∆σ is
measured. In contrast with other photodetection mechanisms it doesn’t require a junction
geometry, thus a uniform graphene channel is sufficient for light detection. The response
time based on this mechanism can be very fast (∼ ps timescale38) since it depends mainly
on the cooling time of photoexcited carriers.19

1.9.2 Photovoltaic effect

The photovoltaic effect (PV) relies on a built-in electric field at a pn-junction in graphene
for instance, where the electron-hole pairs are separated as shown in Fig. 1.7b.19 Several
methods can be employed for introducing this built-in field via electrostatic doping with
local gates,41 metal contact asymmetry with different work functions42 or by chemical
doping. In this mechanism there’s no bias input required for operation. The PV effect
can be measured in different configurations such as short-circuit mode, where the device
is under illumination and the photocurrent collected is the short-circuit current (Isc). An-
other configuration is the open-circuit, where a photovoltage is produced to counteract
the internal (built-in) electric field, by accumulating photoexcited carriers with different
polarities. The open-circuit voltage (Voc) is the bias voltage needed to compensate the
mentioned photovoltage.
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1.9.3 Photothermoelectric effect
The photothermoelectric (PTE) effect occurs at graphene pn-junctions, where this dop-
ing asymmetry combined with a temperature gradient across the graphene channel drive a
photovoltage.42–44 The light absorbed by graphene causes an ultrafast heating of photoex-
cited carriers (so called hot carriers) and therefore a rise in electronic temperature (Te).
The photoexcited carriers quickly relax (< 100 fs)23 into a local hot equilibrium Fermi-
Dirac distribution by electron-electron scattering. Subsequent cooling mechanisms include
electron-phonon scattering (∼1 ps)23,43–45 and heat diffusion away from the junction area
(see Fig. 1.7c). As a result, a symmetric electronic temperature profile (Te) is produced in
the graphene junction giving rise to a thermoelectric photovoltage VPTE ∝ ∇Te(S1−S2),
where S represents the Seebeck coefficient of each region (1 and 2 corresponding to p

and n-type doping) that is tunable by the graphene carrier density following the Mott
equation:46

S = −π
2k2

B Te

3e

1

σ(EF )

∂σ(E )

∂E

∣∣∣∣
E=EF

(1.16)

where σ(E ) is the energy-dependent electrical conductivity. Additionally, due to the low
electronic heat capacity, weak electron-phonon interaction and strong electron-electron
interactions, the PTE effect is strong in graphene.43,44 This photodetection mechanism
will be covered in more details in Chapter 3.
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2 Fabrication and measurement techniques

2.1 Fabrication of 2D heterostructures
In the last years, significant efforts for growing two-dimensional materials at large scale
have been investigated. Several techniques have been employed for this task, such as
chemical vapor deposition (CVD) and epitaxial growth of graphene.47–49 Despite remark-
able progress has been done, the carrier mobility achieved using these techniques remains
considerably lower compared to the exfoliated graphene. As an alternative procedure for
CVD growth, Banszerus et al.22 has shown large scale single crystals of CVD graphene
with high mobility such as ∼50,000 cm2/Vs at room temperature. However, the device
size is limited by the hBN flakes used for transferring the CVD graphene. By following
this methodology, they avoid chemical etching of the copper substrate, which degrades
considerably the quality of graphene.22 In addition to this, growing CVD hBN is also a
quite challenging task when several layers or thickness control are required.50

Despite of all the mentioned efforts, using natural van der Waals crystals still provide
significantly higher quality of the materials’ properties. These two dimensional crystals
can be obtained by mechanical exfoliation onto a clean substrate. Generally, the standard
substrate for graphene or other layered materials is silicon oxide (usually ∼300 nm thick)
since it provides a pronounced optical contrast to these materials, which facilitates its
identification.51 However, several drawbacks occur by placing graphene or related mate-
rials on top of SiO2. Mainly, the quality of graphene (intrinsically related to its carrier
scattering time) is significantly harmed by charged impurities and surface roughness in
silicon oxide.52–54

Therefore, to overcome this issue, a well established approach is to encapsulate graphene
by a top and bottom slabs of hexagonal boron nitride16,35,37,55. This 2D dielectric material
has a similar lattice constant compared to graphene, which makes it an ideal substrate
since also provides an atomically flat surface without charged impurities.34,54 This encap-
sulation method shows excellent results of graphene carrier mobility, reaching values of
100,000 cm2/Vs.56,57

Hence, in this thesis we use mainly the exfoliated and encapsulated 2D layers in order to
demonstrate the maximum performance achievable with high quality devices. We describe
the state-of-the-art fabrication procedure of 2D heterostructures in the following sections.

2.1.1 Mechanical exfoliation and characterization
Graphene is obtained from highly ordered pyrolytic graphite (Graphenium flakes) and
hBN crystals are provided by the collaboration with Prof. Kenji Watanabe and Prof.
Takashi Taniguchi from the National Institute for Materials Science (Tsukuba, Japan).
Initially, graphene and hBN flakes are mechanically cleaved by placing high-purity crys-
tals of graphite or hBN between scotch tape, and exfoliating them into thinner layers.
Afterwards, we press the tape containing these layered materials onto a freshly cleaned
highly doped Si wafer with a thermally grown oxide layer of 285 nm. The thin graphite
or hBN flakes are released onto the silica surface (Fig. 2.1a). Only a small fraction of
them correspond to monolayer graphene or thin hBN (5-10 nm thick). At this thickness,
interference effects with the substrate increase the optical contrast51 of the flakes such
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2.1 Fabrication of 2D heterostructures

that even monolayers of graphene and other 2D crystals can be identified with an optical
microscope as shown in Fig. 2.1b-d.

For further characterization, we use Raman spectroscopy that allows us to identify the
2D peak characteristic of monolayer graphene flakes as observed in the Raman spectrum
shown in Figure 3.1 (e).

 
Fig. 2.1: Exfoliation procedure of graphene and hBN flakes. a) Illustration of the
mechanical exfoliation of graphene or hBN using scotch tape onto a SiO2/Si wafer. Figure
retrieved from 58. b-d) Optical images taken at 50x magnification of the exfoliated thick
top-hBN b, monolayer graphene c and thin bottom-hBN d. All the figures have a 10 µm
scale bar. e) Raman spectrum of the monolayer graphene flake from c showing its 2D
peak characteristic at ≈2700 cm−1 and the G peak around 1500-1600 cm−1 from the sp2
hybridization of graphene.

2.1.2 Characterization techniques
Raman spectroscopy is a particularly useful tool to probe the characteristics of graphene,
such as its number of layers, defects and intrinsic doping59. This non-invasive technique re-
lies on the inelastic (Raman) scattering of light, which is associated to the optical phonons
of the investigated material. The Raman spectrum of graphene typically has three main
peaks59 located at 2700 cm−1 (2D peak), 1580 cm−1 (G peak) and 1350 cm−1 (D peak)
as shown in Fig. 2.1e. The G peak corresponds to the optical phonon at the point (q =

0). Information about the doping of graphene can be obtained from the spectral position
and width of the G peak. The D peak is activated by the presence of defects in the
graphene lattice. Hence, a large ratio between the D and G peak implies a large defect
density. The absence of D peak in the Raman spectrum indicates that the graphene flakes
contains very few defects. Finally, the 2D peak, which involves double phonon scattering,
is particularly useful for determining the number of layer because its shape and intensity
varies as a function of the number of layers.

We use Atomic Force Microscopy (AFM) for characterizing the topography with nanome-
ter resolution of the exfoliated flakes, substrates and metallic nanostructures. The AFM
measures the height profiles from the changes of the resonance frequency of a tip due to
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2 Fabrication and measurement techniques

the interaction between the tip and the analyzed surface. By using this technique, we
are able to detect the presence of residues associated to polymers during the exfoliation
step, bubbles produced during the heterostructure stacking process, surface roughness of
metallic gratings, etc. Moreover,we also measure the thickness of the 2D flakes as shown
in Fig. 2.2.
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Fig. 2.2: AFM surface characterization of a hBN flake. a) Optical picture of a 2D
heterostructure on top of metallic gratings. The red square region highlight the top hBN
area that we scan using AFM. b) AFM scan across the top hBN flake area highlighted in
a. c) Linecuts across the top hBN as indicated in white lines in b. We determine a flake
thickness of 32 nm.

2.1.3 2D heterostructures assembly
After exfoliating and selecting the 2D flakes, the following fabrication step consists on
assembling them. For this purpose, this technique relies on the strong van der Waals
interaction between layered materials, which overcome the interactions between the flakes
and the substrate. As a result, these flakes can be lifted up by others and form a so called
2D stack (top hBN/graphene/bottom hBN) as introduced by Wang et al.34

This precise method, also known as the “hot pick-up technique”56,57, starts by making
a transparent polymer stamp that serves as a substrate for the picked up flakes during the
assembly process. The stamp consists of a thin (1 µm) layer of polycarbonate (PC) placed
onto a transparent elastomer, polydimethylsiloxane (PDMS), which this latter one is placed
onto a microscope slide (see 2.3). This stamp is mounted on a xyz micro-manipulator for
proper alignment.

Initially, the selected top hBN flake exfoliated onto a SiO2/Si substrate, is picked up by
getting in contact with the PC stamp. This target Si wafer is placed on top of a rotational
stage with xy adjustment. In addition, this stage can vary its temperature by a controlled
heater. An overview of this transfer stage setup can be found in a similar setup described
in ref. 60.

The flake and polymer stamp are aligned on top of each other with the help of a cam-
era. The sample stage is then heated up to about 65-80 °C, a temperature close to the
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2.1 Fabrication of 2D heterostructures

melting point of PC. As a result, we can avoid that dirt or air get trapped forming blis-
ters between the hBN-graphene interfaces. These blisters have a negative effect on the
transport properties such as the device mobility.57 The stage is then cooled back to room
temperature and the polymer stamp is slowly lifted from the substrate. In most cases,
the flake preferentially adheres to the stamp and results in a successful picked-up. If the
process fails, it is repeated until it succeeds.

Once the first flake is on the polymer stamp, the following flakes can be picked up
by following the same procedure. When the 2D heterostructure is completely assembled,
one can release it onto a target substrate by depositing the stamp on it and heating the
stage to 180 °C. At this temperature, the PC softens and adheres to the substrate, which
allows the PC to be de-attached from the PDMS and microscope slide. The PC is finally
dissolved in chloroform and isopropanol, thus allowing the heterostructure to remain on
the substrate as shown in Fig. 2.3.

a) b) c) d)

e) f) g)

Fig. 2.3: Assembly procedure of a 2D (hBN/graphene/hBN) heterostructure. a) The
top hBN on silicon wafer is picked up by the PC/PDMS stamp. b) The picked up top hBN
is then aligned with a graphene flake on a SiO2/Si substrate. The alignment is performed
using a 20-50x microscope objective with an incorporated camera. c) These two flakes
are brought into contact. During this process the stage is heated up to 65-80 ºC and
cooled back to room temperature. The stamp is then slowly lifted in order to pick up the
graphene flake from the substrate. d) The graphene flake is now picked up and located
below the top hBN flake. e) Then, the graphene/hBN stack on the stamp is aligned with
the bottomn hBN flake. f) The graphene/hBN stack is released on the bottom hBN flake
by pressing the stamp and heating the polymer to 180 ºC. g) At this high temperature,
the PC is de-attached from the PDMS/glass slide stamp and remains on top of the 2D
stack.
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2.2 Fabrication of electrical contacts and metallic
nanostructures

The encapsulation of graphene using dielectric hBN slabs provide significant advantages as
explained above. However, it prevents direct access to graphene be electrically contacted.
In 2013 Wang et al.34 showed that in this configuration, graphene can be electrically con-
nected via one-dimensional contact between a metal-graphene interface. This approach
consists in the following: an electron beam lithography (EBL) pattern containing the elet-
rical contacts overlapping the graphene flake (see Fig. 2.4a). In particular, we use a 30
keV beam voltage from Raith system that can reach very small features in the order of tens
of nanometers. After the photoresist development, the edge of the encapsulated graphene
is exposed by etching the resist-free area of the heterostructure. This process is performed
by using Reactive Ion Etching (RIE) system from Oxford Instruments (Plasmalab System
100). We use SF6 gas to etch the top hBN since the etching process stops at graphene
surface61. Then, for etching graphene we use O2 gas. In this way, we perform a selective
etching and protect the bottom hBN that typically serves as the dielectric between the
metal gate and graphene.

a) Lithography

b) Etching

c) Metallization

d)

Fig. 2.4: One-dimensional edge contact. a) The electrical contacts are defined by
EBL patterning and subsequent development of the exposed resist. The graphene flake is
highlighted in white contour line. b) Etching step of the exposed resist-free area of the
heterostructure. c) Metallic deposition of electrodes by evaporating a thin gold film on
the sample. d) Illustration of the process described in a-c as shown in ref. 34.

After the top hBN layer is fully etched, a thin metal layer is deposited over the en-
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tire substrate with an evaporator (Leybold Univex 350) operating at low pressure (∼1e-7
mbar). Later, we place the substrate in an acetone solution in order to dissolve the un-
patterned resist and thus the metal on top is lifted-off. Thereby, the only metal remaining
in the substrate is located at the lithography patterned regions as shown in Fig. 2.4c. We
typically evaporate a metal combination of 5 nm of chromium and 50 nm of gold, which
are deposited using electron beam evaporation and thermal evaporation respectively. Ad-
ditionally, by following this same procedure but without the etching step, we pattern and
evaporate also metallic nanostructures such as split gates, antennas or gratings as shown
in Fig. 2.5. In some cases we vary the thickness of the metallic layer down to 10 nm.

a) b) c) 

Fig. 2.5: Scanning electron microscopy (SEM) pictures of metallic nanostructures.
a) Rectangular split gate. Length scale lines are indicated in green. b) Grating gates with
nanometer scale period. c) Local gates that serves also as a mid-infrared antenna. Length
scale lines are indicated in green.

2.3 Measurements techniques

2.3.1 Electrical measurements
To characterize the electrical properties of the fabricated graphene transistors, we mount
them on a chip carrier (from Chelsea Technology) that contains 28 pins. This chip carrier
containing the sample is mounted into a chip holder connected to a break-out box, which
has all the connections to a common ground and serves also as a switch for voltage input
via BNC cables. We use QTLab software for data acquisition of the measured devices and
also for controlling the different equipments. Mainly, we control the voltages applied to the
device gates and contacts with a digital-to-analogue converter (DAC, National Instrument)
and/or Keithley sourcemeter (2450 model). To measure the voltage or current from the
device output, we also use the DAC or a lock-in amplifier (Standford Research SR830).
These transport measurements can be typically measured with two or four terminal config-
uration. The electrical characterization results provide the sample resistance as a function
of gate voltages (see Fig. 2.6), which is intrinsically related to the charge carrier density
as described in chapter 1. By acquiring the device resistance, we can estimate several
relevant physical parameters of graphene, such as its carrier mobility, residual doping and
contact resistance as we show in the following sections.
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Fig. 2.6: Electrical characterization of graphene split gated device. a) Two-terminal
resistance of the investigated graphene device with both gates at the same potential. The
inset displays the photodetector outlook with the respective electrodes and gates. b)
Resistance map as a function of the two gates. They are controlled independently and
several junction configurations are formed as indicated in the figure.

2.3.2 Scanning photocurrent microscopy
The technique scanning photocurrent microscopy (SPM) consists on scanning a sample
mounted on a xyz-motorized stages while keeping fixed the laser position and acquiring
its photoresponse (see Fig. 2.7a). Also one can explore the approach of maintaining the
sample at a fixed position and scanning the laser position, however in this thesis we work
with the former described configuration. The obtained spatial photocurrent maps provide
information on the optoelectronic properties of the analyzed material. For instance, by
determining the maximum photoresponse position, one can distinguish the dominant pho-
tocurrent mechanism of the investigated photodetector. SPM also provides information
to identify the photoresponse acquired from different contributions such as the graphene
p-n junction and graphene-metal junction in PTE based photodetectors.62

The measurement setup consists in the following: typically we use a quantum cascade
laser (QCL) as a source, which is wavelength tunable and has broadband operation in
mid-IR, LWIR or THz range. In the the following chapters, we will indicate the exact light
source employed and its characteristics for each project. The laser is also modulated by a
mechanical chopper at a frequency of ∼ 300 Hz. The light is focused onto the photode-
tector by a reflective objective with a numerical aperture (NA) of 0.5 (LMM-40X-UVV
from Thorlabs), thus achieving a laser spot size (full width at half maximum, fwhm) close
to the incident wavelength (λ). The photodetector sample is mounted on a motorized
stage (Newport SMC100 controller with motors TRA12PPD (X,Y) and TRA25PPD (Z))
that allows us to control the xyz-position of the device with an accuracy at the nanometer
scale in the three directions. The photocurrent generated by the modulated laser beam
is measured with a lock-in amplifier (Standford Research SR830) synchronized with the
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mechanical chopper frequency, this allows to isolate the generated signal from the noise
induced by ambient light or other sources such as dark current. We point out that all the
measurements shown in this thesis were performed at room temperature and at ambient
conditions. We use QTLab software for data acquisition of the measured photodetectors
and also for controlling the different equipments as explained above. Moreover, via this
software we tune the QCL wavelength, the polarizers position, lock-in characteristics, mo-
torized stage positions, powermeter acquisition, etc.

2.3.3 Photocurrent spectroscopy at mid-IR, LWIR and THz range
Photocurrent spectroscopy is a useful technique to study the photoresponse as a function
of incident photons’ energy (wavelength). This can provide information of the energetic
transitions that play a role in photocurrent generation in the photoactive material. Thus,
by measuring its photocurrent spectrum we can obtain information about its absorption
spectrum that are intrinsically related. We can also probe interactions between the active
material with polar substrate phonons63, polaritonic enhancement64, etc. We point out
that in some cases the photocurrent spectroscopy is more sensitive compared to the ab-
sorption spectroscopy65 since the former one consists in probing a spatially localized region
and hence can measured small samples, which is a limitation for techniques such as FTIR.

To carry out these measurements, we use a wavelength tunable QCL that ranges from
6.6 to 13.6 µm or 1515-735 cm−1 (in this case we use MIRcat from Daylight Solutions)
with a spectral resolution of 0.1 cm−1. We set the position of the motorized stages to the
ones showing the maximum photoresponse (see Fig. 2.7a). At this position we collect the
photocurrent as explained for the SPM technique. We then sweep the laser wavelength
and construct the photocurrent spectrum (see Fig. 2.7b). We also consider any shift of
the beam position across the whole wavelength range and relocate at that position, which
shows the maximum photocurrent value.

2.3.4 Responsivity and NEP calculation
For determining the responsivity R = IPTE/Pdiff , we extract the measured PTE photocur-
rent IPTE from the output signal of the lock-in amplifier VLIA using IPTE = 2π

√
2

4G VLIA
66–68,

where G is the gain factor in V/A (given by the lock-in amplifier). The power in a
diffraction-limited beam is given by Pdiff = Pin ·Adiff/Afocus, where the ratio Adiff/Afocus =

w2
0,diff

w0,xw0,y
. In order to obtain w0,x and w0,y we use our observation that the photoresponse is

linear in laser power and measured the photocurrent while scanning the device in the x−
and y−direction. The photocurrent is then described by Gaussian distributions∝ e−2x2/w2

0,x

and ∝ e−2y2/w2
0,y , where w0,x and w0,y are the respectively obtained spot sizes (related to

the standard deviation via σ = w0/2 and to the FWHM via FWHM =
√
2 ln(2)w0), see

Fig. 2.8. For instance while performing THz measurements, we obtained w0,x = 263.3 µm
and w0,y = 331.2 µm. For the diffraction-limited spot, we took w0,diff = λ

π , with λ the
THz laser wavelength. The diffraction-limited area is thus taken as Adiff = πw2

0,diff = λ2/π.
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Fig. 2.7: Photocurrent measurements. a) Photocurrent map as a function of the scan
position in x and y -directions of the motorized stage. The laser incident wavelength is
7.9 µm. b) Photocurrent as a function of the incident wavelength. In the inset shows the
split gated hBN encapsulated graphene device outlook with the respective electrodes and
the incident light polarization.

Additionally, the noise-equivalent power (NEP) that characterizes the sensitivity of the
photodetector is defined as NEP = Inoise/Responsivity and considering that our unbiased
photodetector has a very low noise current that is limited by Johnson noise, we use a noise
spectral density Inoise =

√
4kBT

RD
, where kB corresponds to the Boltzmann constant, T is

the operation temperature (300 K) and RD the device resistance.
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scan direction. b) Calculated Gaussian distribution representing a diffraction-limit focus
at 2.52 THz. The arrows indicate the standard deviation σ, FWHM and spot size w0,
corresponding to 60, 50 and 13.5% of the maximum, respectively.

41





3 Antenna-integrated graphene
pn-junction for fast and sensitive
terahertz detection

43



3 Antenna-integrated graphene pn-junction for fast and sensitive terahertz detection

3.1 Introduction
Photodetectors operating at THz frequencies play an important role in many applications in
the fields of medicine, security, quality testing, chemical spectroscopy and more7,8,11,69–72.
One of the main benefits of THz radiation is its non-invasive nature and its capability to
penetrate most dielectric materials, which are typically opaque at non-THz frequencies.
For example, in the case of medical imaging and security applications, THz radiation offers
clear advantages since it is non-ionizing due to its low photon energy (in the meV range)
in contrast with conventional X-ray radiation with much higher photon energy (in the keV
range), leading to strongly reduced health risks. Furthermore, THz detectors are expected
to play an enabling role for data communication at THz bit rates9,73,74. For many of
these applications, the ideal THz detector would meet the following five requirements: it
should be highly sensitive (i .e. have a low noise-equivalent power, NEP), operate at room
temperature, give a fast photoresponse, have a high dynamic range (the range between
the lowest and highest measurable incident light power), and work over a broad range of
THz frequencies, in particular above 1 THz.

Commercially available room-temperature THz detectors, for example pyroelectric de-
tectors and Golay cells, are reasonably sensitive with an NEP on the order of ∼1 nW/

√
Hz.

However, their response time is very long: 100 and 30 ms, respectively12,75. Supercon-
ducting bolometric THz detectors, on the other hand, can be highly sensitive with an NEP
of ∼0.5 pW/

√
Hz, while simultaneously showing fast operation with a response time of

∼50 ps. However, these detectors require cryogenic temperatures (∼4 K) and suffer from
a narrow dynamic range (linear response up to a power value of ∼0.1 µW)10. Schottky
diodes, although combining high speed (response time in the picoseconds regime) and
high sensitivity (NEP of 10 - 100 pW/

√
Hz), have a low frequency cut-off (operation only

below ∼1 THz) and a small dynamic range17,76. Thus, currently there are no commercially
available THz detectors that simultaneously meet all five requirements.

Owing to its exceptional optoelectronic properties and broadband absorption spectrum
(from the visible down to the GHz-THz range) graphene is a highly interesting photoac-
tive material for detecting light19,20,24,66,77,78. During the past couple of years, there were
several experimental demonstrations of graphene-based photodetection in the GHz-THz
range. These detectors were based on various operating mechanisms. First of all, there
were reports describing plasma wave-assisted THz detection, typically in the overdamped
regime66,67,79–81. However, this scheme has resulted in high sensitivities with an NEP
below nW/

√
Hz. Secondly, ballistic graphene rectifiers were demonstrated with excellent

sensitivity, but only operating below 1 THz82. Moreover, a graphene-antenna coupled
bolometer for detecting GHz radiation was shown with promising values of sensitivity at
low temperatures39.

Alternatively, one can exploit the photo-thermoelectric (PTE) effect, where absorbed
THz light heats up the graphene electrons27, subsequently creating an electron-heat driven
photoresponse if an asymmetry is present in the device43. Such an asymmetry could be
created, for example, by using two different contact metals or by using two adjacent
graphene regions of different doping, e.g . forming a junction. Photodetection based on
the PTE effect in graphene was first shown for visible light, where interband absorption of
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light occurs44,83. More recently, also photoresponses in the THz frequency regime, where
absorption occurs through intraband processes, were attributed to the PTE effect42,84.
Moreover, several of the previously mentioned studies exploiting alternative mechanisms
also attributed a potentially significant fraction of the observed THz photoresponse to the
photo-thermoelectric effect66,67,78–82. Clearly, some controversy exist on which photore-
sponse mechanism dominates for graphene excited by THz light, which has hampered the
development of more optimized detectors. Furthermore, the main challenge for exploiting
the PTE effect for THz detection is the large mismatch between the large area of the in-
coming radiation and the small photo-active area of graphene, where the PTE effect occurs.

Here, we solve this issue by introducing an antenna-integrated THz photodetector, based
on high-mobility, gate-tunable, hexagonal BN (hBN)-encapsulated graphene, where the in-
coming THz radiation is concentrated such that it overlaps with the small photoactive area
of the graphene. Using the gate-tunability of the detector, we find that the PTE effect is
the dominant photoresponse mechanism. We support this with a quantitative comparison
of the device response with numerical simulations and an analytical model of the PTE
photoresponse. We furthermore show that, owing to its novel device design, our PTE
THz photodetector meets all five requirements of an ideal detector. In addition, it has the
advantage of being based on low-cost materials with scalable integration capabilities with
the well established CMOS electronics for low-cost imaging systems3. Finally, it is very
low in power consumption, as it is a passive device.

In the following, we will first explain how our antenna-integrated pn-junction THz de-
tector works, followed by the experimental characterization of the detector. Subsequently,
we provide an analytical model of the PTE detector and numerical simulations of the
absorption enhancement of graphene induced by the antenna, and compare these results
with the experiments. Finally, we will compare the THz photodection performance to the
state of the art.

3.2 Device fabrication
In a nutshell, our THz photodetector consists on two metallic branches that form a dipole
antenna. These branches simultaneously work as local gates that can apply independently
voltages. We place on top of this antenna a graphene monolayer encapsulated between
top and bottom thin layers of hBN. The graphene is patterned and contacted with metallic
electrodes. The fabrication of these devices are described as following: first we patterned
the antenna/gate structure on transparent SiO2 (Infrasil) substrate using electron beam
lithography followed by evaporation of titanium (2 nm) / gold (30 nm). The antenna gap
was 200 nm (100 nm) for device A (B). We then released an hBN/graphene/hBN stack
onto the antenna/gate structure. The stack elements (top and bottom hBN and graphene)
were mechanically cleaved and exfoliated onto freshly cleaned Si/SiO2 substrates. The full
stack was prepared by the Van der Waals assembly technique34,56 and released onto the
antenna/gate structure. This was followed by patterning source and drain electrodes, using
electron beam lithography with a PMMA 950 K resist film and exposing it to a plasma of
CHF3/O2 gases for partially etching the stack. Consequently, we evaporate side contacts
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of chromium (5 nm) / gold (60 nm) and lift off in acetone as described in Ref.34. Finally,
the encapsulated graphene was etched into the “H” shape using a plasma of CHF3/O2

gases. From gate-dependent measurements (varying VL and VR simultaneously) on Device
A, we extract a mobility >20,000 cm2/Vs and a contact resistance of 126 Ω (3.8 kΩ ·µm)
(see Fig. 3.2).
We have fabricated two “H-shaped”, high-mobility, hBN-encapsulated graphene devices

with a dipolar antenna/gating structure, (see Fig. 3.1). We mainly show the results
obtained from THz photodetector Device A and will mention some results from THz pho-
todetector Device B. Both Device A and Device B have a width of the central part of the
graphene channel (at the junction) of w = 2 µm, whereas the gap sizes of the dipolar
antennas are 200 and 100 nm, respectively. The vertical distance between antenna and
graphene is given by the thickness of the bottom hBN layer, typically ∼15 nm, and thus
small enough to warrant sufficient overlap between the electric field profile around the
antenna gap, and the graphene (see also Fig. 3.5b). The graphene mobility for both
devices is on the order of 20,000 cm2/Vs, which is a lower bound as it is determined from
two-terminal measurements (see Fig. 3.2 and Fig. 3.3).

a

60 μm

b

c d

4 μm300 μm

4 μm

Fig. 3.1: Optical microscope images of the graphene-based THz photodetectors. a)
10x magnification image of Device A, showing the metallic rods contacting the antenna
branches and source-drain electrodes. b) 100x magnification image of Device A, display-
ing the area of the photodetector containing the antenna/gate structure, source-drain
electrodes and “H-shaped”, h-BN encapsulated graphene. c) 5x magnification image of
Device B and d) 100x magnification image of Device B.

Additionally, we fabricate a reference device with Hall bar geometry configuration by
following the fabrication procedure described above. We achieve a high mobility of 100,000
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Fig. 3.2: a) Measured resistance map as a function of the right gate (left axis) and left
gate (bottom axis) for Device A. b) Resistance as a function of graphene charge carrier
density (linecut in dashed line shown in a)). We fit the resistance R curve using the
model from Ref. 85, where R = Rc + (L/w)(µen)−1, Rc is contact resistance, L is channel
length, w is channel width, µ is mobility, e is elementary charge, and the carrier density is
given by n =

√
(n∗)2 + (β(Vg − VDirac))2. Here n∗ is the residual doping concentration,

Vg is gate voltage, VDirac is the gate voltage that corresponds to the Dirac point, and
β = ε0εhBN/dhBNe, where ε0 is vacuum permittivity, εhBN the dielectric constant of hBN
and dhBN the thickness of the bottom hBN. We obtained 22,000 and 19,000 cm2/Vs for
electron (red) and hole (blue) mobility, respectively. We extracted a contact resistance of
Rc = 126 Ω (3.8 kΩ · µm), and a residual doping concentration of n∗ = 1.6·1011 cm−2.
c) Carrier mobility as a function of graphene charge carrier density extracted from the
conductance measurement 34, where blue (red) corresponds to hole (electron) mobility.

Fig. 3.3: Raman spectroscopy measurements of Device A. a) Histogram plot of the full-
width-half-maximum of the graphene 2D peak (Γ2D) across the ∼15x15 µm2 region marked
in red on the optical picture (see inset). The white scale bar corresponds to 30 µm. The
inset shows a typical Raman spectrum of the monolayer graphene. The mean Γ2D is ∼17.5
cm−1, characteristic of high quality single layer graphene 86. b) 2D-peak versus G-peak
frequency (ω2D and ωG, respectively) extracted from the same Raman map as in panel a.
The colorbar represents the Γ2D of the recorded spectrum. The data shows low doping, as
confirmed in transport measurements (see Fig. 3.2), and moderate levels of strain 86.

cm2/Vs in this device as shown in Fig 3.4.
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Fig. 3.4: Characterization of the Hall bar reference device fabricated following the
same procedure as the photodetector (see Methods). a) Optical image of the initial
hBN/graphene/hBN stack. b) Optical image shown in panel a with enhanced contrast.
The graphene flake is optically visible (compare the graphene shape with the Raman map
shown in the inset of panel c). c) Histogram plot of the Raman scan (see inset) showing
the full-width-half-maximum of the graphene 2D Raman peak (Γ2D). The mean Γ2D is
∼ 18.1 cm−1, characteristic of high quality single layer graphene. d) Scattering plot of
the 2D-peak versus the G-peak frequency (ω2D and ωG, respectively), where the colorbar
represents the Γ2D of the recorded spectrum (inset of panel c). The Raman data shows
comparable behavior as the photodetector (see Fig. 3.3b) with low Γ2D, low doping and
moderate levels of strain 86. e) Resistance as a function of the charge carrier density of
the measured Hall bar device (see inset). We fit the resistance R curve using the model
from Ref. 85, and obtained 103,000 and 96,000 cm2/Vs for the electron (red) and hole
(blue) mobilities, respectively. f) Carrier mobility as a function of the charge carrier den-
sity extracted from the conductance measurement 34, where blue (red) corresponds to hole
(electron) mobility. These results show that a mobility of 100,000 cm2/Vs for these kind
of photodetector devices is realistic, and therefore a detection speed in the 10 ps-range
can be achieved.
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3.3 Experimental THz setup
We characterize the performance of the THz photodetector devices using two different
setups, both containing a THz laser and optical components to focus the light at our THz
detector. One setup contains a pulsed quantum cascade laser (QCL) operating at 3.4
THz, with an expected rise time <1 ns. We use two Picarin (tsupurica) lenses to focus
the light. We use this setup for Figs. 3.5d, 3.9c and 3.10. The other setup contains
a continuous wave THz beam from a gas laser (FIRL 100 from Edinburgh Instruments)
providing a maximum output power in the range of a few tens of milliwatts, and frequen-
cies of 1.83, 2.52, 3.11 and 4.25 THz. We use a parabolic mirror to focus the light with
a focal distance of 5 cm. The THz light is usually modulated at 266 Hz by an optical
chopper and the generated photocurrent is measured using a pre-amplifier and/or lock-in
amplifier (Stanford). We verified that the output THz beam was strongly polarized (only
2% of residual unpolarized light) and mounted the detector with the antenna axis parallel
to the polarization. We measure the THz power by using a pyroelectric THz detector
from Gentec-EO placed at the sample position. We use typical incident THz powers in
the range of several microwatts to several milliwatts.

3.4 Device working principle
Our THz photodetector is based on a novel design (see Fig. 3.5a-c), which works as
follows. The detector contains a dipole antenna that is located ∼15 nm below a graphene
channel. The antenna consists of two branches that are separated by a very narrow gap,
with a size on the order of 100 nm. This antenna gap serves for focusing the incoming
THz radiation into a very small spot in the graphene channel. Here, the concentrated
field of the antenna leads to (intraband) absorption and the subsequent creation of hot
carriers27. Since the creation of a photoresponse from hot carriers requires a gradient in
the Seebeck coefficient, we use the antenna branches simultaneously as split gates. We
apply appropriate voltages (VL and VR) to the left and right antenna branch, and through
capacitive coupling this creates a pn-junction in the graphene channel, and thereby a
THz-induced photoresponse. Thus, the antenna simultaneously creates the photoactive
area in the graphene channel (located around the pn-junction, see Fig. 3.5c) and funnels
incident radiation to this photoactive area, due to the very strong field enhancement of
incident THz radiation above the gap between the two antenna branches (see Fig. 3.5a-b).

Compared to previous antenna-integrated, graphene-based THz detectors39,66,67,78–82,
the advantage of our design is that the antenna gap is much smaller (100 nm vs. several
microns), which means that the THz intensity is greatly enhanced (∼4 orders of magni-
tude, see Fig. 3.5a). Also, there is no direct electrical connection between the antenna
and the graphene, which means that there is no need for impedance matching to assure
current flow between antenna and graphene. The fact that we simultaneously use our
antenna for focusing light and as split gate, has the advantage that there automatically is
very good overlap between the region where the incoming THz radiation is focused and
the photoactive region of the graphene channel (see Fig. 3.5a-c). Furthermore, we use
hBN-encapsulated graphene, which leads to graphene with high mobility and low residual

49



3 Antenna-integrated graphene pn-junction for fast and sensitive terahertz detection

Fig. 3.5: a) Schematic representation (right; not to scale) of the antenna-integrated pn-
junction device and a zoom of the central part of the THz PTE detector (left; to scale),
consisting of an “H-shaped” graphene channel, contacted by source and drain electrodes.
Underneath the graphene channel, there are two antenna branches that concentrate the
incident THz light around the antenna gap region. The color map superimposed on the
device shows the simulated power profile (|E/E0|2, where E0 is the incident electric field)
at a position 5 nm below the graphene channel. The black scale bar corresponds to 1.6
µm. b) Side view of the device design, with the superimposed color map again indicating
the normalized power profile as in panel a. The region where the field is strongly enhanced
by the antenna overlaps with the central part of the graphene channel. c) Same as panel
a, now indicating how the antenna branches serve as local gates by applying voltages VL

and VR. Appropriate voltages will create a pn-junction in the central part of the graphene
channel, directly above the antenna gap (which is where incident THz light is concentrated
by the antenna). The color map superimposed on the device is a simulation that shows
the photoresponse created by local photoexcitation, varying the position of photoexcitation
(see also section 3.8). The largest photoresponse is created when photoexcitation occurs
around the junction region. The photoresponse then decreases exponentially when moving
away on both sides from the junction, with the exponential decay length given by the
cooling length `cool. The photoactive area (dashed rectangle) therefore has a length 2·`cool,
and a width w , which is the width of the central part of the graphene channel. d)
Photocurrent image (log-scale) obtained by scanning the detector in the focal plane of a
focused laser beam at 3.4 THz. We use our QCL with an average power of 84.1 µW, and
a peak irradiance in the center of the focus of 1200 W/m2. The THz light is polarized
parallel to the antenna axis. The observation of the Airy pattern with multiple observable
rings indicates excellent detector sensitivity.
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doping. This means that the resistance of the graphene channel will be low, and we can
tune the system relatively close to the Dirac point (point of lowest carrier density), where
the Seebeck coefficient is largest. Finally, we pattern the graphene channel into an “H-
shape” with a relatively narrow (micron-sized) width. The narrow width of the central part
of the channel leads to an enhanced photoresponse, as the hot carriers will have a higher
temperature. The wider sides of the graphene channel reduce overall device resistance by
minimizing contact resistance.

3.5 Results
We first scan our photodetector (Device A) across the THz focus using motorized stages
(in the QCL setup, as described in Section 3.3). The dipolar antenna, with a length of 60
µm, is smaller than the THz focus (FWHM ∼200 µm), allowing us to spatially map out
the intensity of the THz focus through the photocurrent IPTE. The results show a clear
Airy pattern (see Fig. 3.5d), where we are able to observe several rings of the diffracted
beam pattern. This suggests that our THz photodetector is very sensitive, considering that
these rings contain only a very small fraction of total incident power of the THz beam (Pin

= 84.1 µW).

Before proceeding with quantifying the sensitivity, we first exploit the gate-tunability
to identify the photocurrent generation mechanism and determine the optimal operating
point of our THz detector, by mapping out the photoresponse as a function of gate volt-
ages VL and VR (see Fig. 3.6a). These measurements were done with the THz gas laser at
2.52 THz, and using Device A. The gate voltages independently control the carrier density
(Fermi energy) of the two graphene regions and therefore the Seebeck coefficients S1 and
S2. The Seebeck coefficient of graphene has a non-monotonous dependence on carrier
density, where it first increases upon approaching the Dirac point and then changes sign
when crossing the Dirac point, i .e. when going from hole to electron doping or vice versa
(see Fig. 3.6b). Since the generated photocurrent IPTE ∝ (S1 − S2), this leads to the
characteristic sixfold pattern, first shown in Ref.44 for visible light, and explained in Fig.
3.6b. The fact that we also observe a sixfold pattern strongly suggest that our THz pho-
toresponse is dominated by the PTE effect. To further confirm that the PTE mechanism
dominates over alternative photocurrent mechanisms, such as bolometric and photogating
effects, we measured the photocurrent as a function of bias voltage applied between the
source and drain contacts. The drain current increases linearly with applied bias voltage,
whereas the photocurrent remains constant (see Fig. 3.7), in contradiction with what is
expected for the bolometric and photogating effects. Thus, these results show that the
photo-thermoelectric effect is responsible for the observed THz photoresponse. We find
the largest photoresponse in the pn-junction and np-junction regimes, as expected, rela-
tively close to the Dirac point.

We now proceed with quantifying the sensitivity of our THz photodetector. First, we
identify the largest responsivity R = IPTE/Pdiff at the optimal gate configuration for Device
A. We note that the responsivity that we use is the responsivity normalized by the power in
a diffraction-limited spot with NA = 1. In some of the literature, a responsivity is provided
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Fig. 3.6: a) Photoresponse as a function of voltages applied to the two antenna
branches/gates, with radiation at 2.52 THz. We use our THz gas laser with an aver-
age incident power of Pin = 5 mW, and a peak irradiance in the center of the focus of
1.8·104 W/m2. The THz light is polarized parallel to the antenna axis. The sixfold pat-
tern, as in Refs. 43,44, indicates that the photoresponse is generated through the PTE effect.
The photoresponse is the photocurrent normalized by the power in a diffraction-limited
spot, i .e. the responsivity R. The maximum responsivity occurs in the pn- and np-regions.
b) Line cut at the location of the dashed line in panel a, showing a double sign change
(red dots and line; left vertical axis) as a function of carrier density (controlled through
gate voltage VL). The blue line represents the Seebeck coefficient (calculated from the
experimentally obtained graphene mobility, right vertical axis). The double sign change
occurs due to the non-monotonous dependence of the Seebeck coefficient on carrier den-
sity: for a constant Seebeck coefficient in one region (dashed horizontal line), the Seebeck
coefficient of the other region is first higher, then lower and then again higher, giving rise
to two sign changes, as indeed observed experimentally. c) The extracted Johnson noise
current, calculated from the resistance that was measured simultaneously with the result
in panel a. d) The noise-equivalent power (NEP), extracted from the results in panels a
and c, normalized to a diffraction-limited spot. The white cross indicates the gate con-
figuration that corresponds to the lowest NEP: the left (right) gate at 0.20 V (-0.72 V),
corresponding to an electron density of 7.5·1011 cm−2, EF = +100 meV (hole density of
3.6·1011 cm−2, EF = −70 meV).
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Fig. 3.7: Photocurrent and drain current measured simultaneously as a function of applied
bias voltage between the source and drain contacts. We notice a linear increase of the
drain current while increasing the bias, whereas the photocurrent remains constant.

that is normalized by the amount of power that is actually incident in the experiment Pin.
However in the case where the wavelength is larger than the photodetector device this
number does not only depend on the device performance, but also on how well the THz
light is focused. Alternatively, one can use the responsivity normalized to the power that is
absorbed in the actual graphene channel or in the photoactive area, which would yield an
artificially high number42, as it is impossible to focus the THz light in such a small area.
Here we choose the responsivity normalized by the incident power in a diffraction-limited
spot, because this is arguably the most technologically relevant number (as this represents
what will be reached when combining the detector with an optimized focusing system, such
as using a silicon hemispherical lens79–81), and it is the convention that is most commonly
used in the literature on THz photodetection (see also Table 3.2). We calculate the power
in a diffraction-limited spot using Pdiff = Pin ·Adiff/Afocus, where Pin is the measured total
incident THz power, Adiff is the calculated area of a diffraction-limited spot and Afocus

is the measured area of the focused THz beam. Typically, we have Adiff/Afocus ≈ 1/60
(corresponding to a NA of ∼0.13 for our focusing system based on a parabolic mirror).
From Fig. 3.6a we extract a maximum responsivity of R = 14 mA/W (32 V/W). For
Device B, we find a maximum responsivity value of R = 25 mA/W (105 V/W) as shown
in Fig. 3.8. In both cases the THz light was at 2.52 THz (corresponding to a wavelength
of 118.96 µm, 84 cm−1).

Using the extracted responsivity, we now determine the sensitivity of the detector. For
this, we note that our detector operates without bias, which means that it is limited by
the Johnson or thermal noise, given by: Inoise =

√
4kBT ∆f

R . Here, kB is the Boltzmann
constant, T is the temperature of operation, ∆f is the spectral bandwidth and R the
resistance. We show the Johnson noise current of Device A as a function of the two
gates voltages in Fig. 3.6c, calculated from the measured resistance R. The resistance
was measured simultaneously with the photoresponse in Fig. 3.6a, which we used to de-
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Fig. 3.8: Photoresponse of Device B. a) Photocurrent generated as a function of the scan
position of the device. The red circles correspond to the experimental points and the red
line to the Gaussian distribution fit. We obtain a beam focus FWHM of 897 µm at 2.52
THz. We observe a maximum IPTE of 136 nA for an incident power (Pin) of 2.88 mW
(Pdiff = Pin ·Adiff/Afocus = 7.1 µW). Thus, the responsivity is R = IPTE/Pdiff = 19 mA/W
(80.4 V/W). The sample was electrostatically doped with the left (n-doped, 60 meV) and
right gate (p-doped, 50 meV) forming a pn-junction. b) Photocurrent as a function of
incident power. It shows a linear trend over three orders of magnitude according to the fit
displayed in dashed line. The maximum responsivity was R = 25 mA/W (105 V/W), from
a photocurrent of IPTE = 145 nA, for an incident power of Pin = 2.28 mW (Pdiff = 5.6
µW, for the same beam focus at 2.5 THz and pn-junction configuration as in panel a).
Using this responsivity and the Johnson noise that corresponds to the 4.2 kΩ measured
device resistance, we find an NEP of 80 pW/

√
Hz.
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termine the responsivity R. As expected, we see that a higher noise current occurs for
lower resistance values (away from the Dirac point), whereas we obtain lower noise values
closer to the Dirac point, where the graphene resistance is higher. The photodetection
sensitivity is given by NEP= Inoise/R, which we show as a function of the two gate voltages
in Fig. 3.6d. The lowest values for the NEP occur at the pn- and np-regions close to the
Dirac point, where the responsivity is highest and the noise is lowest. The lowest value of
the NEP map was 200 pW/

√
Hz for Device A and 80 pW/

√
Hz for Device B (see Fig. 3.8).

An important characteristic of an ideal THz detector is having a large range of pow-
ers over which the response is linear, i .e. a large dynamic range. Thus, we measure the
photocurrent vs. Pdiff for four different THz frequencies as shown in Fig. 3.9a. We vary
the THz power over more than 3 orders of magnitude (using the THz gas laser setup),
and fit the data with a simple power law IPTE ∝ Pγ

diff . We obtain for Device A at 2.5
THz a power of γ = 1.1 ± 0.2 and for Device B γ = 1.1 ± 0.15 (95% confidence in-
tervals). This shows that the photoresponse depends linearly on the THz power over a
range of more than three orders of magnitude. The reason for the linear photoresponse
as a function of power is the fact that the photodetector operates in the weak heating
regime, where ∆T � Tambient, i .e. the change in temperature of the electronic system is
smaller than the ambient temperature Tambient. When ∆T approaches Tambient, we expect
a sub-linear dependence of photocurrent on power, with an exponent that tends to γ = 0.5.

Regarding the range of frequencies where our detectors operate, we note that this is only
limited by the antenna structure. The reason behind the spectrally ultra-broad photore-
sponse of graphene is the efficient heating of the electrons, which occurs irrespective of
the wavelength of the incident light, i .e. whether intraband or interband light absorption
occurs23,27. We characterize the spectral response of our detector by measuring the re-
sponsivity, while varying the frequency from 1.83 to 4.25 THz (see Fig. 3.9b). We observe
a trend where the responsivity peaks around 3 THz. This corresponds reasonably well with
the antenna being optimized for a frequency of 2 THz using full wave simulations (see Fig.
3.9b). The discrepancy likely comes from the fact that a simplified structure was simu-
lated, which didn’t contain all the metallic parts that the actual device has. Importantly,
these results confirm that the spectral range where the THz detector operates is currently
limited only by the antenna. Thus, using more spectrally broad antennas or a combination
of antennas one could extend the spectral range of our photodetector, covering the spec-
trum all the way from the ultraviolet, through the visible and infrared to the terahertz.

3.6 Speed measurements and calculations
In the following, we discuss the speed of our PTE THz photodetector. We analyze the
speed in Fig. 3.9c, where we rapidly switch the THz radiation on (white) and off (yel-
low) using our pulsed THz QCL. We observe that the photoresponse of our detector VPTE

closely follows the laser switching behavior. We quantify the detector speed by fitting
the VPTE rise and fall dynamics (see Fig. 3.10) with simple exponential equations, and
obtain an exponential (1/e) response time of 32±11 ns, corresponding to a bandwidth
of ∼5 MHz. In this measurement, the speed is most likely limited by the measurement
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Fig. 3.9: a) Photocurrent as a function of THz laser power (in a diffraction-limited spot)
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fits according to IPTE ∝ Pγ

diff . The obtained exponent is close to 1 for all data sets. For
Device A, these data correspond to a gate configuration of VL = 0 V and VR = -0.67 V,
corresponding to an electron (hole) density of 4.2·1011 (-2.7·1011) cm−2. b) Responsivity
R as a function of THz wavelength (red dots, left vertical axis), with the same (sub-
optimal) gate configuration as in panel a. The black line (right vertical axis) shows the
result for the antenna-induced absorption enhancement in the graphene channel. The red
dashed line illustrates the trend of the experimental points. c) Results of the pulsed laser
experiment, where the photocurrent was amplified by a fast current pre-amplifer (Femto)
and the data were acquired with a fast oscilloscope. The inset shows how the photovoltage
VPTE follows the switching of the pulsed laser. The red and blue (plotted with an offset)
open dots show the obtained photovoltage in a small time window marked in the inset,
with the black line giving the result of exponential fits with timescales of 40 (24) ns for
the red (blue) curve.
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Fig. 3.10: Results of the pulsed laser experiment, showing the fall time corresponding to
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3.9c of the main text. The open dots show the acquired photovoltage and the black lines
represent the fit results with the exponential fits. We obtain an exponential fall time of
47 (28) ns for the red (blue) curve. As in the case of the rise time determination in the
main text, this timescale is limited by the current amplifier with a bandwidth of 3.5 MHz.

electronics, namely by the 3.5 MHz bandwidth of the current pre-amplifier, rather than
by the PTE THz detector itself. Indeed, the intrinsic speed of the detector is expected
to be significantly higher, since the PTE effect that drives the photoresponse relies on
the heating and cooling dynamics of the photoexcited carriers in graphene that occur
at picosecond time scales.23,43–45 The hot carriers are created by light absorption that
quickly relax (<100 fs)23 into a local hot equilibrium Fermi-Dirac distribution by electron-
electron scattering. Subsequent cooling mechanisms include electronic heat diffusion and
electron–phonon scattering (∼1 ps)43–45. Hence the upper limit of the response time is
limited by the RC-time of the detector.

The electrically-limited operation frequency of the detector is related to the RC-time
constant τ = RC , with R total graphene resistance (graphene sheet resistance RSLG and
contact resistance Rcontact), and C total graphene capacitance. We obtain a value of 925
Ω for RSLG for a Fermi level of 0.1 eV using the extracted Device A mobility of 20,000
cm2/Vs. We also consider the Rcontact extracted from Device A with a value of 507 Ω (3.8
kΩ ·µm). In order to calculate C , we use electrostatic simulations performed in COMSOL
in collaboration with Elefterios Lidorikis group. We apply an electrostatic potential with
opposite sign on each antenna branch as depicted in Fig. 3.11. We then determine the
surface charge density of graphene using the parallel plate capacitor model with hBN di-
electric permittivity (εhBN = 3.5) as shown in Fig. 3.12. We obtain a capacitance in the
order of 20 fF.

The operating speed is then given by the rate f = (2πτ)−1. The rise time τrise is the
measure of the photodetector response speed to a stepped light input signal. It is the time
required for the photodetector to increase its output signal from 10% to 90% of the final
steady-state output level. The rise time is calculated as τrise = τ · ln(9) = (2πf )−1 · ln(9)
= 0.35/f . Performing this calculation, we obtain a rise time of 56 ps, corresponding to
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a detection rate of 6 GHz for our device with a mobility of 20,000 cm2/Vs. For a device
with a mobility of 100,000 cm2/Vs (see reference device in Fig. 3.4), we find 9 ps, cor-
responding to 40 GHz. Thus, extremely fast THz photodetection with switching times in
the picosecond range should be possible.

3.7 Analytical model and discussion
We now discuss more of the underlying physics of the PTE detector, using a simple
analytical model that provides the rationale behind our detector design. Owing to the
difference in Seebeck coefficients at the pn-junction, a local photo-thermoelectric voltage
is created, which leads to the flow of a photocurrent between the source and drain contacts
that are connected to the graphene channel. The PTE photocurrent is then given by43

IPT E =
(S1 − S2)∆T

R
, (3.1)

where S1 and S2 are the Seebeck coefficients (also called thermopower) of the two regions
of the graphene channel that are independently controlled by the gates/antenna branches,
∆T is the temperature increase of the electronic system induced by THz radiation, and
R is the total electrical resistance, accounting for the graphene and contact resistances.
It is worth mentioning that this current is generated under zero applied source-drain bias
voltage, resulting in very low detector noise (Johnson noise) and extremely low power
consumption.

Graphene is an ideal material to exploit the PTE effect for THz detection, because the
term (S1−S2)∆T can be large and R is typically small, in particular for high-quality, hBN-
encapsulated graphene. The Seebeck coefficient of graphene is intrinsically quite large,
on the order of 100 µV/K87 and S1 and S2 are independently tunable through the gates,
meaning that (S1 − S2) can be maximized. Furthermore, ∆T can be large in graphene
(up to several thousand K), because of efficient heating of the electrons after absorbing
THz light, due to strong electron-electron interactions, and because the hot carriers are
relatively weakly coupled to the crystal lattice27.

Our photodetector design maximizes the PTE THz photoresponse, particularly by max-
imizing ∆T and minimizing R. From a simple heat equation, the temperature increase
∆T (averaged over all charge carriers in the photoactive area) is given by

∆T ≈ Pabs

AactiveΓcool
(3.2)

where Pabs is the amount of THz power that is absorbed in the active area of the
graphene channel and Γcool is the heat conductivity that describes the coupling of the
heated electron systems to its environment. The photoactive area is given by Aactive =

2`cool · w , where `cool is the hot-carrier cooling length, which can be seen as the length
scale over which hot carriers can move before cooling down (typically 0.5 – 1 µm at room
temperature23,43–45,88, see also Fig. 3.5c). In the case of hBN-encapsulated graphene,
Γcool is the out-of-plane, interfacial heat conductivity where hot graphene carriers cou-
ple to hyperbolic hBN phonons45. We optimize ∆T by maximizing Pabs and minimizing
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Aactive. We maximize the amount of absorbed THz power Pabs by using a dipole an-
tenna with a narrow gap, which focuses the incoming THz radiation down to the small
(compared to the THz radiation wavelength) graphene photoactive region. We further
maximize ∆T by using a narrow channel width w of 2 µm. Basically, the smaller the area
where the incident power is absorbed, the smaller the amount of electrons that will share
the heat, and therefore the larger the increase in temperature of the electronic system, ∆T .

In order to further increase the responsivity, we reduce the overall resistance R of the
device, and optimize the shape of the graphene channel. We achieve low R by using high-
quality hBN-encapsulated graphene (see Fig. 3.5b)34,56. This method enables mobility
values as high as 100,000 cm2/Vs at room temperature, and low levels of intrinsic doping
(see Fig.3.4). We furthermore pattern the graphene channel in an “H-shape” (see Fig.
3.5a), in order to reduce the overall device resistance R. This shape is crucial because it
has a small width w in the central part of the channel – ensuring small Aactive and thus
large ∆T – while having a larger width towards the contacts – minimizing the graphene
sheet resistance. Furthermore, the large interface with the source and drain contacts min-
imizes the contribution of contact resistance to the overall resistance R.

Based on the analytical model for the PTE response, we now examine our experimen-
tal results quantitatively. We have measured a photocurrent of IPTE = 1.14 µA (Device
A, 2.5 THz) for an incident power of Pin = 5 mW (focused to a spot size Afocus, see
Methods). Using Eq. 3.1 with (S1 − S2) = 160 µV/K (estimated from Ref.26) and R =
2.3 kΩ (measured), we find an experimental temperature increase of ∼16 K (confirming
the weak heating regime). Then using Eq. 3.2 with interfacial heat conductivity Γcool =
7·104 W/m2K (determined in Ref.45), cooling length `cool = 510 nm (from the mobility
and interfacial heat conductivity), and channel width w = 2 µm (measured), we find
the absorbed power (in the active area of the graphene channel) to be Pabs = 2.3 µW.
We compare this value with the absorbed power we find from numerical simulations of the
antenna-graphene structure, using the same irradiance as in the experiment (see Methods).
These simulations give an absorbed power (in the entire graphene channel) of Pabs,sim = 7
µW (at 2.5 THz). This number is close to the number we obtained experimentally, adding
credibility to our assignment of the PTE as the dominant photoresponse mechanism and
to the validity of our analytical model. We ascribe the lower experimental value (by a
factor ∼3) to non-optimal performance of the actual antenna in the photodetector device,
most likely due to the presence of metallic regions around the antenna (see Fig. 3.1).
Furthermore, the simulations consider the absorption in the entire graphene sheet, rather
than only in the photoactive area of the graphene channel. Notably, we point out that
without the antenna, the amount of incident THz light from a diffraction-limited spot that
would be absorbed in the photoactive area of the graphene channel would be more than
three orders of magnitude lower, highlighting the importance of the antenna-integration.
We illustrate this in Fig. 3.9b, where we show the antenna-induced absorption enhance-
ment, defined as G =

Pabs,sim,w/ antenna

Pabs,sim,w/o antenna
. These simulations show that the antenna enhances

the graphene absorption by more than three orders of magnitude.
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3.8 Thermoelectric simulations
We also assess the validity of the analytical model of Eqs. 3.1-3.2, by comparing the re-
sults with numerical simulations of the PTE photocurrent generated in different graphene
geometries (see Fig. 3.13). In the following we introduce the thermoeletric modeling of
the device that was developed by the group member Mark Lundeberg89. In order to cal-
culate the PTE response of our device we solved numerically the linearized thermoelectric
equations90:

jQ(r) = −σ(r)∇V (r)− σ(r)S(r)∇T (r), (3.3)
jE (r) = −Π(r)σ(r)∇V (r)− [κ(r) + Π(r)σ(r)S(r)]∇T (r), (3.4)

where jQ(r), jE (r) are the electric and energy current density respectively, V (r) is the
voltage, T (r) is the local temperature, σ(r) is the electrical conductivity, S(r) is the
Seebeck coefficient, Π(r) is the Peltier coefficient, and κ(r) is thermal conductivity. These
two equations are coupled to the continuity equations for the charge and energy currents:

∇ · jQ(r) = 0, (3.5)
∇ · jE (r) = −g(r)[T (r)− T0] + JE (r). (3.6)

Here g(r) parametrizes the thermal conduction to the substrate45, T0 is the substrate
temperature, and JE (r) is a local heat source, that in our case is due to light absorption.
We solved these equations inside a 2D simulation box [0, Ltot]× [0,Wtot] illustrated in Fig.
S5 that includes the graphene sheet and the gold contacts. We artificially included a small
rectangular region of dimension δ ×W between the graphene and the gold contacts to
account for finite contact resistance by choosing the value of its conductivity σ = δ/Rcont

with Rcont being the value of the gold-graphene contact resistance. We assumed that
the material parameters σ(r), S(r), Π(r), κ(r), and g(r) are piecewise constant in the
regions described in Fig. 3.13. Since, because of Onsager relations, Π(r) = T0S(r), and
the thermal conductivity is related to the electrical conductivity by the Wiedemann-Franz
law κ(r) = L0σ(r)T0, with L0 ≡ π2k2

B/(3e2) = 2.44 · 10−8WΩK−2, we have only three
independent parameters (σ(r), S(r), g(r)) that are listed in Table 3.1.
Eqs. (3.3,3.4,3.5,3.6) need to be supplemented with boundary conditions (BCs). We

used Dirichlet BCs at x = 0, Ltot. These read:

V (x = 0, y) = Vsd, (3.7)
V (x = Ltot, y) = 0, (3.8)

T (x = 0, y) = T (x = Ltot, y) = T0. (3.9)

We assumed instead homogeneous Neumann condition on the remaining part of the bound-
ary

n̂ · jQ(r) = 0, (3.10)
n̂ · jE (r) = 0, (3.11)

n̂ being the outward normal unit vector. We solved numerically Eqs. (3.3,3.4,3.5,3.6),
with BCs (3.7,3.11) using the Finite Volume Method (FVM) on a regular square grid
of 400×240 cells. Once the solution is found, the current flowing in the device can be
calculated as
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I ≡
∫ Wtot

0

Jx(0, y)dy =

∫ Wtot

0

Jx(Ltot, y)dy =
Vsd

R
+ IPTE, (3.12)

where the last equality holds because of linearity, R is the resistance, and

IPTE =

∫
drRint(r)JE (r). (3.13)

To find R we simply calculate the current by setting JE(r) = 0. The responsivity Rint(r0)

at a given position r0 is instead calculated by setting Vsd = 0 and JE = δ(r − r0), and
calculating the corresponding current. This step is repeated for every r0 in the simulation
grid to obtain the responsivity maps in Fig. 3.13.

Material σ[S ] S [µV /K ] Γcool [W /m2K ]

Graphene n (p) doped 1.3·10−3 a 80 (-80)26 7·104 45

Gold 4b 0c 300·104 91,92
Interface contact 2.5·10−6 d 0c 100·104

a When considering EF = 50 (-50) meV, T = 300 K and 200 fs relaxation time for
both doping type n (p). b For 100 nm gold. c We neglect the contribution of the
Seebeck coefficient of the metal. d For a δ = 25 nm.

Table 3.1: Material parameters

We find agreement between the analytical and numerical results as depicted in Fig.
3.13, showing the validity of our analytical approach. Importantly, the analytical model
gives us insights into the physics that determines the detector response, thus allowing
for optimization strategies. The advantage of the numerical simulations is that they are
also valid for non-rectangular graphene shapes. Our detector design is the result of these
analytical and numerical simulations.
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Fig. 3.13: Thermoelectric simulations results 89, as in Fig. 1c, which represent the re-
sulting photoresponse after local photoexcitation, expressed in photocurrent normalized
by absorbed power, i .e. internal responsivity (Rint,sim as defined in Eq. S11, where JE (r)

represents the locally absorbed power). These simulations were based on similar character-
istics of the measured samples, with a graphene scattering time of 200 fs (mobility 20,000
cm2/Vs), contact resistance of 10 kΩ ·µm, 3.6 µm of source-drain distance (Lsd), Γcool =
7·104 W/m2K, EF = 50 meV and -50 meV for n- and p-doped graphene regions respectively.
Panels a-c) show the simulated device geometries and panels d-f) the internal responsivity
(Rint,sim) calculated at each position across the device. The R, Rint,sim_max, Rint,sim_tot and
NEP below panels d-f) indicate total device resistance (including graphene sheet and con-
tact resistance), the maximum internal responsivity generated at the pn−junction, total
internal responsivity (which takes into account also the opposite sign responsivity gener-
ated at the metal-graphene interface, i.e. Rint,sim_tot = Rint,sim_max− | Rint,sim_min |) and
noise-equivalent power, respectively. The simulations show that decreasing the width of
the graphene channel (going from the design of panel a to the design of panel b) does
not lead to any change in responsivity, but a decrease in noise-equivalent power. The
responsivity is constant because of the trade-off between the increased ∆T due to the
smaller active area and the increased device resistance due to the smaller width. The NEP
is reduced, because the higher device resistance leads to reduced thermal noise. Then,
by using the design with an “H-shaped” graphene channel in panel c, we both increase
responsivity and decrease NEP. The main reason is that the active area is significantly
reduced, without increasing too much the device resistance. Furthermore, the maximum
responsivity and total internal responsivity are now very similar, because the PTE response
at the pn-junction dominates. Therefore, this is the preferred design. We compare the
simulation results for the internal responsivity Rint,sim with the analytically obtained values
(Rint,analyt) using the equations in the main text and the device resistances obtained from
these simulations, and obtain Rint,analyt = 0.12, 0.13 and 0.55 A/W for the designs from
panels a), b) and c) respectively. These analytical values are in excellent agreement with
the Rint,sim_max values obtained from simulations.
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Fig. 3.14: Thermoelectric simulations 89, showing the internal responsivity (Rint,sim as de-
fined in Eq. 3.13, where JE (r) represents the locally absorbed power) for a fixed device
geometry and three different values of the interfacial heat conductivity Γcool. For all these
three cases the device length and width dimensions are 10 and 6 µm respectively, EF =
50 meV (-50 meV) for n- (p-) doped region and with a contact resistance of 10 kΩ · µm.
The Γcool is 7·104, 2·104 and 0.7·104 W/m2K for a), b) and c) respectively. As predicted
from Eq. 3.2, when decreasing Γcool, ∆T increases and therefore Rint,analyt. In fact, by
calculating the Rint,analyt = IPTE/Pabs =

∆S∆T
PabsR

= ∆S
AactiveΓcoolR

, we obtain excellent agreement
between these calculations and the thermoelectric simulations values of Rint,sim for all three
cases, namely Rint,analyt = 0.10, 0.19 and 0.33 A/W for a), b) and c) respectively. These
results show that the responsivity increases (and the NEP decreases) with the square-root
of the decrease in interfacial heat conductivity.
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3.9 Device benchmark

Finally, we compare the performance of our photodetector with respect to other graphene-
based THz photodetectors in the literature. We first compare with other detectors where
the photodetection mechanism was explicitly ascribed to the PTE effect (see Table 3.2).
Since not every report used the same power normalization procedure for the responsivity
and NEP, we mention explicitly the normalization procedure that was used. We note that
our THz detector is 2–4 orders of magnitude more sensitive than any other THz PTE pho-
todetector (if the same normalization procedure would be applied). We attribute this to
our novel design with the antenna/gating structure, the optimal graphene channel geome-
try and the use of high-mobility hBN-encapsulated graphene. Furthermore, the sensitivity
that we obtain is very similar to, or better than, the most sensitive graphene-based THz
detectors reported in the literature80,82. The operation of those detectors, however, has
only been shown for frequencies below 1 THz and no response times have been measured.
Additionally, it’s important to point out that the Drude optical conductivity and therefore
absorption in graphene is higher in the GHz range than in THz93,94, hence a direct compar-
ison with detectors operating below 1 THz is not straightforward since we do not normalize
the detector responsivity by the graphene absorption. We point out that a recent work
from our collaborators95 incorporates our design and reproduces our results successfully
by reporting a similar NEP value as shown at the last row of Table 3.2. However, they
are able to modulate at higher speed the QCL pulses and have a faster model of current
amplifier (operating up to ∼1 GHz), hence they are able to measure faster rise and fall
times below 1 ns that are setup-limited by the QCL modulation.95

Reference Mechanism NEP Normalization Speed Freq. range
(pW/

√
Hz) area Anorm

a (ns) (THz)
This work PTE 80 λ2/π <30 1.8 – 4.25

42 PTE 1100 ∼ λ2/3350 0.11 2.5
84 PTE 350 ∼ λ2/450 9000 0.08 – 0.3
80 Plasma waves 130 none - 0.4
67 Plasma waves 2000 λ2/4 - 0.29 – 0.38
81 PTE/plasma waves 600 noneb - 0.13 – 0.45
82 Ballistic rectification 34 λ2/4π - 0.07-0.69
95 PTE 120 λ2/4 <0.9 3.4

a The normalization area Anorm refers to the area to which the incident power was
normalized:

Pnorm = Pin · Anorm/Afocus. In our work, for example, we use the power in a
diffraction-limited spot Pdiff = Pin · Adiff/Afocus, i .e. we use Anorm = Adiff = λ2/π.
b Whereas the incident power was not normalized to any area, a correction of the
incident power was applied to account for losses occurring in the focusing system.

Table 3.2: Comparison of graphene-based THz photodetectors
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3.10 Conclusions and outlook
In conclusion, we have demonstrated a novel THz photodetector, which is dominated by
the photo-thermoelectric effect. It operates at room temperature, is highly sensitive and
very fast, has a wide dynamic range and operates over a broad range of THz frequencies.
We have optimized the PTE THz detector by using a split-gate/antenna structure with
narrow gap, which funnels the incident THz light exactly at the small photoactive area
of the detector leading to strongly enhanced THz absorption in graphene. This structure
simultaneously allows for tuning the detector to the optimal gating configuration, where a
pn-junction is created in the graphene channel. Furthermore, we have used an “H-shaped”,
high-quality, hBN-encapsulated graphene channel with a narrow width, in order to have a
small photo-active area, thus achieving a large THz-induced change in temperature, and
a low overall device resistance.

Given the qualitative and quantitative understanding we have developed of the perfor-
mance of our detector, we identify strategies for further improving its performance. Most
importantly, by optimizing the antenna, a higher absorption and therefore lower NEP can
be achieved. Additionally, by using a more broadband antenna, the detector will be sen-
sitive for a larger range of THz frequencies. The sensitivity can be further enhanced by
having a lower thermal conductivity Γcool (see Fig. 3.14). This could be achieved by
exploring alternative encapsulation materials, rather than hBN, e.g . a transition metal
dichalcogenide (TMD) material, and by operating at a lower temperature. We estimate
that it will be possible to reach an NEP in the low pW/

√
Hz-regime. We expect that

the unique combination of high sensitivity and fast operation means that these THz PTE
detectors will play an important role in a large spectrum of applications.
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4.1 Introduction
Hyperbolic phonon-polaritons (HPPs) are hybridized modes of ionic oscillations and light
present in polar dielectric materials, such as hexagonal-BN (hBN)14–16,33,35,55,96 that show
interesting optical properties such as extreme subwavelength ray-like propagation and sub-
diffraction light confinement (∼ λ0/100)4,35,97–99, among others. In fact, novel nano-
optoelectronic platforms can be attained by merging HPPs functionalities with other 2D
materials-based devices, such as graphene photodetectors governed by the photother-
moelectric (PTE) effect. This mechanism generates a photoresponse in graphene pn-
junctions19,43,44,83,100–103 driven by a temperature gradient and Fermi level asymmetry
across the channel. Nevertheless, one of the limitations of these detectors is the low light
absorption of graphene, especially for mid-IR frequencies where the photon energy becomes
comparable to the typical doping level of graphene reaching the Pauli blocking regime20,21.
This is further exacerbated by the small photoactive area of graphene pn-junctions45,100,
limited by the cooling length of the hot carriers (0.5-1 µm)23,43–45. These limitations can
be overcome by exciting HPPs and focusing them towards the photoactive area and con-
sequently absorbing them in graphene. However, efficient exploitation of HPPs for mid-IR
photodetection still remains unexplored.64,104 In this work, we embed hBN and graphene
within metallic antennas in order to couple their plasmonic interactions with HPPs and
achieve highly concentrated mid-IR light on a graphene pn-junction for sensitive and fast
mid-IR photodetection.

4.2 Device fabrication
First, we fabricate the H-shaped local gates structure with a total length of 4.2 µm, a total
width of 2 µm and a narrow width region (tip) of 500 nm on a Si/SiO2 substrate using
electron beam lithography (EBL) followed by evaporation of titanium (2 nm) / gold (30
nm). The gap between the gates is 155 nm. Afterwards, we transfer a hBN/graphene/hBN
stack onto the metallic gates. We cleave and exfoliate the top and bottom hBN and
the graphene onto freshly cleaned Si/SiO2 substrates, stack them following the Van der
Waals assembly technique34,56 and release onto the gates. We then use electron beam
lithography with a PMMA 950 K resist film to pattern source and drain electrodes and
expose the device to a plasma of CHF3/O2 gases to partially etch the Van der Waals
stack. Subsequently, we deposit side contacts of chromium (5 nm) / gold (80 nm) and
lift off in acetone as described in Ref. 34. We then etch the hBN-encapsulated graphene
into an H-shape using a CHF3/O2 plasma and deposit 17 nm of Al2O3 using atomic layer
deposition (ALD). Finally we pattern the bow-tie antenna of 2.7 µm total length (L) and
with a small gap of 200 nm between its branches with EBL and deposit titanium (2 nm)
/ gold (80 nm). An optical image of the device is depicted in Fig. 4.3c. We point out
that the bow-tie antenna and gate dimensions were selected based on preliminary optical
simulations based on a simplified device, ignoring bow-tie antenna interactions with gates
and metal electrodes, resulting in the non-optimal performance as evident from Fig. 4.13.
By performing 2-terminal configuration electrical measurements as a function of the gate
voltages (varying V L and V R both at the same potential), we attain 12,000 cm2V−1s−1
as a lower bound of the estimated mobility (see Figs. 4.1-4.2 and section 4.6.4).
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Fig. 4.1: Raman spectroscopy measurements of the 2D stack on top of the metal gates.
a) Histogram plot of the full-width-half-maximum of the graphene 2D peak (Γ2D) across
a region of ∼13.5×9 µm2 as shown in the inset in red dashed line. The inset scale bar
corresponds to 4.2 µm. The mean Γ2D is ∼ 18 cm−1, which reflects the high quality of
the monolayer graphene encapsulated in hBN. The inset plot corresponds to the usual
spectrum obtained in these measurements for single layer graphene. b) 2D frequency peak
(ω2D) as a function of G frequency peak (ωG) obtained from the Raman map in panel a,
where the colorbar corresponds to the Γ2D of the measured map. We obtained low doping
values consistent with transport measurements (see Fig. 4.2) and modest strain values 86.

4.3 Experimental mid-IR setup
We use a pulsed QCL mid-IR laser (LaserScope from Block Engineering) that is linearly
polarized and has a wavelength tuning range from λ = 6.1 to 10 µm. We scan the device
position with motorized xyz-stage. We modulate the mid-IR laser employing an optical
chopper at 422 Hz and we measure the photocurrent using a lock-in amplifier (Stanford
Research). We focus the mid-IR light with a reflective objective with a numerical aperture
(NA) of 0.5. We measure the mid-IR power using a thermopile detector from Thorlabs
placed at the sample position.
For the time-resolved measurements, we set the QCL wavelength to λ = 6.6 µm with a
pulse width of 496 ns. We use a MCT as a reference detector from VIGO System model
PCI-2TE-13. We measure the photoresponse using a current amplifier from FEMTO model
DHPCA-100 with switchable gain and acquire the signal with an oscilloscope from Tele-
dyne Lecroy model HDO6000.

4.4 Device working principle
Our design (depicted in Fig. 4.3a-c) combines several mechanisms to achieve high field
concentration for both incident light polarizations. Specifically, when the incident mid-IR
light is polarized parallel to the bow-tie antenna main axis (Transverse Magnetic, TM-
polarization, Fig. 4.3d), it excites its localized surface plasmon resonance (LSPR) spec-
trally located at λ ≈ 5-7 µm (see Fig. 4.4). As a result, the antenna concentrates the
incoming mid-IR light into its gap that is situated just above the graphene pn-junction (i.e.
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Fig. 4.2: Measured device resistance (RD) as a function of the two gate voltages (V L and
V R) both sweeping at the same voltage (V sg). We fit the resistance curve using the model
described in section 4.6.4. Contributions of both contact resistance (2Rc) and graphene
channel resistance (Rg) to RD for all V sg are also presented.

the detector photoactive area100). At the same time, the near-fields produced within the
antenna hot-spot contain high momenta and thus efficiently launch HPPs ascribed to the
spectral overlap of the antenna’s LSPR with the hBN upper reststrahlen band (RB) range
(λ ≈ 6-7 µm). These HPPs propagate as guided modes and interfere within the graphene
pn-junction, producing high absorption across this small localized region. Likewise, when
the incident mid-IR light is polarized perpendicularly to the bow-tie antenna main axis
(Transverse Electric, TE-polarization, Fig. 4.3e), it produces strong light concentration
in the gap of the H-shaped antenna, acting as the split-gate, ascribed again to its LSPR
spectrally located at λ ≈ 5.5-7.5 µm (see Fig. 4.5). This phenomenon will also launch
hBN HPPs at the gate edges, which will be guided and interfered within the photoactive
area.

The absorption process in the graphene is mediated mostly by interband transitions,
which mainly occur in the regions within the gap of the gates where the graphene doping
is sufficiently small to avoid Pauli blocking (see Figs. 4.20-4.21). The excited carriers
quickly relax (<100 fs)23 into a local hot equilibrium Fermi-Dirac distribution by electron-
electron scattering. Subsequent cooling mechanisms include electron-phonon scattering
(∼1 ps)23,43–45,88 and heat diffusion away from the junction area. As a result, a symmetric
electronic temperature profile Te(x) is produced in the graphene junction43,44,64, giving rise
to a thermoelectric voltage VPTE ∝ S(x)∇Te(x), where x runs along the graphene channel
and S(x) represents the Seebeck coefficient which is tunable by the gates. Since ∇Te(x)

is antisymmetric, an antisymmetric S(x) is also needed to maximize the net PTE response,
which is achieved by applying opposite voltages to the two gates (see Figs. 4.20-4.21).
In addition to HPPs promoting absorption in graphene, they also absorb light themselves.
However, due to the large (∼103) heat capacitance mismatch between graphene electrons
and lattice, the HPP absorption does not amount to any meaningful temperature rise and
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Fig. 4.3: Device schematic and operation principle. a) Schematic representation of the photode-
tector consisting of H-shaped resonant gates of 4.2 µm of total length, with a hBN encapsulated
H-shaped graphene channel transferred on top, contacted by source and drain electrodes. A bow-
tie antenna of 2.7 µm of total length is placed on top of the 2D stack. The local gates serve to
create a pn-junction in the central part of the graphene channel (by applying voltages V L and
V R), where the antenna gap and gate gap are located. Both narrow gaps are on the order of ∼100
nm. The scale bar corresponds to 0.5 µm. b) Side view of the device design (not to scale) with
indications of the materials’ thicknesses. c) Optical image of the photodetector. The dashed lined
circle indicates the typical beam spot size obtained at λ = 6.6 µm. The scale bar corresponds
to 2.5 µm. d) Cross section view of the simulated total electric field intensity (|E |2) normalized
to the incident one (|E0|2) along the antenna main axis when light is polarized parallel to the
bow-tie antenna (TM-polarization) axis as indicated in the illustration on the left. The white scale
bar corresponds to 250 nm. e) Same as d but for light polarization perpendicular to the bow-tie
antenna (TE-polarization) and parallel to the local gates as shown in the schematic on the left.

thus does not contribute to the device PTE response.

4.5 Results

4.5.1 Photocurrent measurements and spectral response.
To reveal the spatial intensity profile of the beam focus at λ = 6.6 µm, we scan the sample
with xyz-motorized stages and measure the photocurrent (IPTE) as shown in Fig. 4.6a.
As a result, we observe the Airy pattern of the beam, which implies that we obtain a well-
focused beam and high sensitivity at this wavelength considering the small irradiance input
of 0.2 µW/µm2. Next, we investigate the photoresponse as a function of the two gate
voltages (V L and V R), shown in Fig. 4.6b, which reveals the photocurrent mechanism
and optimal doping level. We find that when sweeping the gate voltages independently,
the photocurrent follows several sign changes resulting in a 6-fold pattern, which indicates
that the photodetection is driven by the PTE effect, as also shown in other studies in the
mid-IR range64,105,106. The highest values of photocurrent occur at pn or np configuration,
specifically at V L = 1.6 V (170 meV) and V R = -0.82 V (-130 meV), which are relatively

71



4 Plasmonic antenna coupling to hyperbolic polaritons for mid-infrared photodetection with graphene

Fig. 4.4: a) Simulated electric field intensity enhancement for the incident mid-IR light
polarized parallel to the bow-tie antenna main axis (TM-polarization) at λ = 5.5 µm for
the full experimental structure described in section 4.2. The antenna exhibits a dipole field
distribution with high field confinement in the antenna gap and small field penetration in-
side the metal. b) Average absorption enhancement < G > (G is defined as G(λ, r) =
Absdevice(λ, r)/Absair(λ, r), which is the ratio between the graphene absorption incorpo-
rating all the elements of the device (e.g. antenna, contacts, etc.) to that of suspended
graphene as a function of λ and the position vector r.) within a 0.2×0.2 µm2 area at the
device center (x = y = 0, see also Fig. 4.3a-b for axis definition). For simplicity, we use
wavelength-independent refractive indices for the other materials nhBN = 2.4, nSiO2= 1.5
and nAl2O3= 1.6. Different antenna metals are considered in the Drude model by assum-
ing different plasma frequencies (9.13 eV for Au). We observe that the response changes
in both amplitude and spectral position for different plasma frequencies and is different
from the PEC case (to which they eventually converge for increasing plasma frequency).
We conclude that while the Au plasmons do not directly influence the device physics,
they do modulate the antenna response and are thus needed for an accurate quantitative
description of the metal antenna response.

low doping levels. We note that when applying a voltage bias in the graphene channel,
the photocurrent remains constant while the source-drain current increases linearly with
bias (see Fig. 4.7). This allows us to discard other mechanisms such as photogating and
bolometric effects that would increase significantly with voltage bias.

To determine the photodetector spectral response, we measure the TM-polarization
(Fig. 4.6c) external responsivity (see section 2.3.4) as a function of excitation wavelength.
We obtain high values up to 15 mA/W within 6-7 µm at the hBN RB. On the other hand,
for TE-polarization (Fig. 4.6d) we observe two responsivity peaks, the first one (up to
22 mA/W) again within the hBN RB (6-7 µm) and a second peak (3.5 mA/W) around
8 µm. We also plot the simulated responsivity that is extracted from the multiphysics
simulations, which considers the exact geometry of the photodetector and the whole de-
vice photoresponse (optical excitation, carrier distribution and relaxation, heat diffusion
and thermoelectric current collection. See further details in section 4.6). We observe
very good qualitative and quantitative agreement between experimental and theoretical
responsivity, which we explore in the following by analyzing each component involved in
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Fig. 4.5: Simulated <G>, which is G averaged over the 0.2×0.2 µm2 rectangular space
around the center of the device (x = 0, y = 0, see Figs. 4.3a-b and 4.4 for axis definition),
for TE-polarization as a function of the geometrical parameters of the H-shaped gates and
additional metal components for the spectral range from 4 to 15 µm. In all cases, we use
wavelength-independent refractive indices for hBN (n = 2.4), SiO2 (n = 1.5) and alumina
(n = 1.6), hence we can clearly observe the plasmonic response of the local gates without
additional resonances coming from the phonon-polaritons of hBN or SiO2. In all cases the
blue line corresponds to the response of the configuration where the varied parameter has
the same value as the one it has in the experimental device. a) <G> values for different
total lengths (L) of the local gates. We observe resonant peaks for all cases which shift to
longer wavelengths as we increase L, a typical trend of metallic plasmonic resonators. In
b) the width (W ) of both extended parts of the H-shaped local gates is reduced starting
from 0.75 µm (blue line) down to 0 µm (red line) while keeping L fixed at 4.255 µm. We
clearly observe that the resonance peak is not shifted spectrally and also as W is reduced
the spectral response converges to that of a dipole antenna (red line), thus proving the
plasmonic behavior of the local gate geometry. In c), we vary the gate tip width (WGT) and
notice that when increasing it, its plasmonic resonance is redshifted, its <G> amplitude
drops down and the resonance becomes broader. In d) we vary the length of the gate tip
(LGT) while keeping L and W fixed at 4.255 µm and 0.75 µm respectively. We observe
that the plasmonic response can be strongly tuned both spectrally and in amplitude when
changing LGT. Finally, in e) we add the extended electrodes to the local gates and also the
source-drain contacts. We observe that these additional metal components further alter
the response which is now lowered and broadened while we also notice an extra resonance
peak at 5.8 µm. Note also that in the wavelength range of the hBN upper RB (6-7 µm)
the optimum LGT should be around 1.4 µm as shown in d and e. Due to the complexity
of the H-shape configuration there are a large number of parameters that can strongly
tune the plasmonic resonance of the local gates, meaning that we can further improve the
device performance.
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Fig. 4.6: Photocurrent generation and spectral photoresponse a) Scanning photocurrent map
(log scale) across the mid-IR beam focus at λ = 6.6 µm. The white scale bar corresponds to 20
µm. We obtain a FWHM of 6.1 µm. We use a small input power (Pin) of 13.7 µW (irradiance of
0.2 µW/µm2). b) Photocurrent map as a function of the two gate voltages at λ = 6.6 µm. c)
Experimental (dots) and theoretical (dashed lines) spectral external responsivity of the device for
TM-polarization and d) for TE-polarization. The highlighted region corresponds to the hBN RB
(λ = 6.2 - 7.3 µm). For c and d, we set the gate voltages to a pn-junction configuration close to
the optimal with VL = 0.5 V (97 meV) and VR = -0.5 V (-100 meV). We use the same doping
level for the theoretical simulations.

the photoresponse.

4.5.2 Spectral and spatial analysis of the photoresponse.
We first identify the behavior of the resonant mechanisms, in terms of field intensity en-
hancement and spatial localization by studying the absorption enhancement in graphene
(G ) across the channel in the x direction (averaging over 500 nm in y direction, see Fig.
4.3a-b for axis definition) and as a function of the wavelength as shown in Fig. 4.8. We
define G as following: G (λ, r) = Absdevice(λ, r)/Absair(λ, r), which is the ratio between
the graphene absorption incorporating all the elements of the device (e.g. antenna, con-
tacts, etc.) to that of suspended graphene as a function of λ and the position vector r.
G and responsivity are proportionally related via the electronic temperature gradient as
shown in Fig. 4.21 and section 4.6.2.

In the TM-polarization case shown in Fig. 4.8a, we observe very high G values at the
antenna LSPR (λ ∼ 6 µm). The value of G peaks around 6.8 µm due to the hybridization
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Fig. 4.7: Photovoltage (red) and source-drain current (blue) as a function of the graphene
channel bias. We observe that the photocurrent remains constant, whereas the source-
drain current increases linearly when increasing the bias voltage.
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Fig. 4.8: Absorption enhancement spectra. Simulations of the absorption enhancement in
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Fig. 4.9: Simulated spectral responsivities of a) TM and b) TE-polarization using dif-
ferent refractive indices configurations. Red solid line represents the case of wavelength-
independent refractive indices for hBN (n = 2.4), SiO2 (n = 1.5) and alumina (n = 1.6).
For blue solid line we use the full dispersive optical model for the SiO2 but not for the
hBN, for which we use a wavelength independent refractive index of n = 2.4. Finally, for
the black solid line we use full dispersive optical model for both SiO2 and hBN.

of the hBN HPPs with the antenna LSPR and to the constructive interference of the prop-
agating HPPs occurring at x ∼ +/-100 nm. In fact, the different spatial patterns of G

arise from the wavelength dependence of the HPP propagation angle in hBN following the
equation tan θ(ω) = i

√
εx ,y (ω)/

√
εz(ω)

35,64,107. For longer wavelengths, we find a negli-
gible G between 7-7.3 µm that corresponds to the hBN transverse optical (TO) phonon.
We observe that the highest G values are only found for the spatially confined region (from
x ∼ -100 to 100 nm) where the antenna and gates overlap, which is designed to coincide
with the graphene pn-junction (see Figs. 4.10-4.11 and section 4.8. Nevertheless, in the
hBN RB we find large G values outside this tightly localized region due to HPP propagation.

For TE-polarization (see Fig. 4.8b), we find the maximum values of G between 6.2
to 6.6 µm due to the gate LSPR hybridization with HPPs and their strong constructive
interference at x = 0. For longer wavelengths, we identify a G peak centered at 8.5 µm
that corresponds to SiO2 phonon-polaritons (PPs) hybridization with the gate LSPR as
presented in Figs. 4.9 and 4.12

To further elucidate the role of the antennas in G , we simulate the system without
the contribution of the HPPs using wavelength-independent refractive index values for the
hBN (Fig. 4.8c-d). For TM-polarization (Fig. 4.8c), we observe a peak around 6 µm
that corresponds to the antenna LSPR and its resonance tail extending up to 8 µm. For
TE-polarization, in contrast, Fig. 4.8d shows high values of G across a broader wavelength
range (5.5-7.5 µm) due to the complex shape of the gates and their interactions with the
source-drain contacts (see Fig. 4.5). Although in Fig. 4.8d we observe lower G values
compared to Fig. 4.8c (see also Fig. 4.9), we obtain higher values of G in TE-polarization
when combining the gate LSPR with HPPs (Fig. 4.8b) ascribed to its higher spectral
overlap with the hBN RB and due to the stronger constructive interferences of the HPPs
excited by the gates.
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a) b) c)

d) e) f)

x

y

y = 0 nm

y = 0 nm y = 50 nm y = 100 nm

y = 150 nm y = 200 nm y = 250 nm

y = 250 nm

Fig. 4.10: G values for TM-polarization for different cross-sections across the gates along
the source-drain direction (x direction, where x =0 is located at the center of the gate
gap. This gap is 155 nm. See Fig. 4.3a-b for axis definition) as a function of wavelength.
a) corresponds to a linecut of G across the center of the gates (y = 0) as indicated in the
top schematic. Then, the rest indicate linecuts of G b) 50 nm, c) 100 nm, d) 150 nm,
e) 200 nm and f) 250 nm above the center of the gates. The gates and antenna overlap
at y > 100 nm (or y < -100 nm) away from the center (y = 0 nm). The upper antenna
branch tip is located at y = 100 nm. We observe that the spatial pattern of G varies with
y and that G increases significantly where these two metal regions overlap (y > 100 nm).
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a) b) c)

d) e) f)

y = 0 nm y = 50 nm y = 100 nm

y = 150 nm y = 200 nm y = 250 nm

Fig. 4.11: Same as Fig. 4.10 but for TE-polarization. a) corresponds to a linecut of G

across the center of the gates (y = 0). The rest indicate linecuts of G b) 50 nm, c) 100
nm, d) 150 nm, e) 200 nm and f) 250 nm above the the center of the gates. We observe
that the spatial pattern of G varies while looking at it along different locations and that
G greatly increases where the gate and antenna regions overlap (y > 100 nm).
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a) b)

c) d)

TM TE

TM TE

Fig. 4.12: Simulations of the absorption enhancement G along the source-drain direction
(x direction and averaging over 500 nm in y direction, where x = 0 is located at the center
of the gate gap. This gap is 155 nm. See Fig. 4.3a-b for axis definition) as a function
of wavelength using different hBN and SiO2 refractive indices configurations for TM (first
column, a, c) and TE-polarization (second column, b, d). In a) and b), we use the full
dispersive optical model for the hBN but not for the SiO2, for which we use a wavelength
independent refractive index of n = 1.5. In c) and d), we use wavelength-independent
refractive indices for hBN (n = 2.4), SiO2 (n = 1.5) and alumina (n = 1.6).
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Fig. 4.13: Dependence of the simulated responsivity and NEP on the geometry of the antenna
and H-shaped gates. a) Simulations of responsivity for TM-polarization for different antenna
lengths. Different cases are presented: non-resonant antenna within the hBN RB spectral range
(antenna total length of L = 1.8 µm, shown in green), semi-resonant antenna (L = 2.7 µm shown
in blue, which corresponds to the experimental antenna) and resonant antenna (L = 4.8 µm, shown
in red). b) Simulations of responsivity and NEP as a function of gate tip width and graphene
(following the exact shape of the gates) as shown in the schematic for TE-polarization at λ=
6.5 µm. The tip length is 855 nm, which includes the gap between the gates of 155 nm. The
source-drain distance is 2.6 µm and electrodes width is 2 µm as in the measured device. c) Same
as b but as a function of the gate tip length as shown in schematic. The tip width is 500 nm.

To evaluate the coupling between the bow-tie antenna LSPR and the hBN HPPs, we
study the responsivity as a function of the antenna length for TM-polarization as shown
in Fig. 4.13a (see also Fig. 4.14). We observe some hBN HPP excitation when using
an antenna non-resonant (green line) within the hBN RB range, in which case we obtain
a maximum responsitivity of 4 mA/W. In the case of the semi-resonant antenna (experi-
mental antenna, shown in blue line), whose LSPR partially overlaps with the RB spectral
range104, the responsivity increases to 17 mA/W respectively. However, this can be sig-
nificantly improved if we use a longer antenna (red line) such that its LSPR peak fully
overlaps with the hBN HPPs peak, thus obtaining 65 mA/W.

Next, we examine the impact of the H-shaped gates excited at λ= 6.5 µm with TE-
polarization on the responsivity and NEP (noise-equivalent power, see 2.3.4) by varying the
width and length of the gate tip and graphene, while keeping the source-drain distance and
width fixed as indicated in Fig. 4.13b-c. Fig. 4.13b shows that the responsivity (NEP)
increases (decreases) when decreasing the tip width down to an optimal value of 500
nm (same as the experimental value). This is ascribed to the balancing act of absorption,
electrical resistance and thermal conductance: larger absorption and lower thermal conduc-
tance increase the temperature gradients, but a smaller electrical conductance also reduces
the photocurrent and thus the responsivity (see also Fig. 4.15 and section 4.8). Note that
electrical and thermal conductivity are ultimately proportional through the Wiedemann-
Franz law. For the case of the gate tip length, however, the optimum is found around
1.45 µm, which is larger than the experimental one (855 nm), pointing to future design
and performance improvements (see also Figs. 4.5 and 4.15). These results highlight
the importance of the gate and graphene channel shapes on PTE performance and the
vital role of multiphysics modeling in understanding and optimizing such a complex device.
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a) b) c)

Fig. 4.14: 2D map of the simulated absorption enhancement G for TM-polarization along
the source-drain direction (x direction and averaging over 500 nm in y direction, where
x = 0 is located at the center of the gate gap. This gap is 155 nm. See Fig. 4.3a-b for axis
definition) as a function of the wavelength (y -axis of the map) for total antenna lengths of
a) L = 1.8 µm (non-resonant antenna within hBN RB), b) L = 2.7 µm (experimental/semi-
resonant antenna within hBN RB) and c) L = 4.8 µm (resonant antenna within hBN RB).
For longer antennas, we notice that the LSPR of the antenna is strongly coupled with the
hBN HPPs as observed in the G map in c.

4.5.3 Speed, sensitivity and device benchmark.
Now we discuss the technological relevance of our photodetector. First, we measure the
photodetection speed by using as reference a commercial fast mercury-cadmium-telluride
(MCT) detector. We plot in Fig. 4.16a the quantum cascade laser (QCL) voltage (brown
line) together with the photoresponses of the MCT (blue line) and our device (black cir-
cles). The signal of the MCT detector reveals the pulse shape of the laser. We fit an
exponential function to the initial peak to determine the rise time (shown in red lines),
obtaining a value of 9.5 ns, which is close to its datasheet value of 4.4 ns. In the case of
our photodetector, we find a rise time of 17 ns (22 MHz) when using a current amplifier
with 14 MHz bandwidth. This suggests that our time-resolved measurements are limited
by the current amplifier bandwidth (see Fig. 4.17), meaning that the actual rise time may
be shorter. In fact, our theoretical calculations predict a speed of 53 ps (see section 4.7).

The sensitivity of the detector is best expressed in terms of external responsivity, which
the maximum measured value is 27 mA/W (92 V/W, see Fig. 4.18), yielding a noise-
equivalent-power of 82 pW/

√
Hz13,64,108–110, assuming the graphene thermal noise as the

dominating noise source66,80,100. We emphasize that the zero-bias operation leads to low
noise levels and a very low power consumption, which is given by the voltage applied to
the gates. Furthermore, our design allows sensitive detection in different polarizations (see
also Fig. 4.19), which is a limitation for the mentioned graphene detectors13,64,108,109.
Additionally, our device exhibits a wide dynamic range by showing linear photoresponse
over three orders of magnitude as shown in Fig. 4.16b, which is an issue for other types of
graphene detectors108 and commercial detectors such as MCT2. It also has a very small
active area given by the antennas’ cross-sections, which implies high spatial resolution and
opens the possibility of arranging it into high density photodetector pixels1,13 that are
CMOS compatible3. All of these performance parameters combined make our device an
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a) b)

Fig. 4.15: Simulated responsivity (Re in V/W, shown in black circles), <G> (defined in
Fig. 4.5, black squares) and device resistance (RD, shown in red circles) as a function of
the geometric parameters of the H-shaped gates for TE-polarization at λ= 6.5 µm. a)
Here we vary the tip width (W GT). The gate tip length (LGT) is fixed at 855 nm. We
observe that W GT correlates inversely with <G>. We attribute this trend to the fact that
the plasmonic response of the local gates decreases with the increase of W GT as shown in
Fig. 4.5c. The only case that does not follow this trend is the case of W GT =0.125 µm.
In this case <G> decreases because W GT is smaller than the 0.2 µm gap between the
branches of the bow-tie antenna, thus preventing the gates and antenna from overlapping,
while the overlap region precisely contains the highest values of G as shown in Fig. 4.11.
As shown in Fig. 4.21, lower <G> values lead to smaller temperature gradients and
consequently lower responsivities, since the responsivity is positively correlated with <G>.
Finally, as W GT increases the width of the doped graphene channel also increases leading
to smaller RD. The interplay between responsivity and RD gives the optimum W GT case
as shown in Fig. 4.13b. b) Here we vary LGT. W GT is fixed at 500 nm. We observe
that <G> has a clear peak at LGT = 1.455 µm. This trend is in excellent agreement
with results in Fig. 4.5d-e, where the configuration using the same value of LGT has the
strongest response in the spectral position of the hBN upper RB. As in a, the responsivity
positively correlates with <G> and although RD increases with LGT, the optimum cases
among all figures of merit (FOM) (Responsivity in V/W, A/W and NEP) remain roughly
the same.
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Fig. 4.16: Photodetection speed and power dependence. a) Time-resolved photodetection
traces at λ = 6.6 µm, compared with a MCT detector (both plotted in black dots and blue line
respectively) and the respective QCL voltage signal (brown line). The QCL pulse width corresponds
to 496 ns. The photovoltage fits are shown in red lines. We obtain rise times of 9 ± 3 ns and 17 ±
3 ns for the MCT and our device respectively. b) Photocurrent as a function of laser power (Pdiff

= P in×Adiff/Afocus, see Methods) for different wavelengths on a log-log scale. Circles correspond
to the data points, while the dashed lines represent the fits according to I PTE ∝ Pγ

diff . Among all
cases, γ ranges from 0.92-0.98. We observe linear photoresponse over three orders of magnitude
of power (limited by the power meter sensitivity range for P in calibration). These results suggest
that we are operating in the weak heating regime (Te −Tl << Tl) 23,100, as in the strong heating
regime (Te−Tl >> Tl), a sublinear behavior is expected (γ = 0.5) 23,100. Here Te is the electronic
temperature and Tl is the graphene lattice temperature, which the latter is in thermal equilibrium
with the environment.
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Fig. 4.17: Time-resolved photodetection traces for different operation bandwidths of the
current amplifier. The speed increases (shorter rise time) with increasing bandwidth and
the temporal response curve also resembles the photovoltage measured with the reference
MCT detector as shown in blue solid line. The corresponding QCL voltage signal is shown
in brown solid line.

84



4.6 Photoresponse modeling

I
 (

n
A

)
P

T
E

50

40

30

20

10

0

a) b)

I
 (n

A
)

P
T

E

41

15

6

2

0.7

0.3

0.1

0.04

a)

fit IPTE, X

fit IPTE, Y

IPTE, Y

IPTE, X

Fig. 4.18: Scanning photocurrent map at λ = 6.6 µm with TE-polarization. a) Scanning
photocurrent map (log scale) over the x and y scan directions. We observe an Airy beam
pattern consisting of a central spot followed by several rings that contain a very small
fraction of the total input power (Pin = 13.7 µW, Pdiff = 2.1 µW). The white scale bar
stands for 20 µm. b) Linecuts of the map in a, showing IPTE across the x (black) and y

(red) direction. The scale bar corresponds to 10 µm. The dots represent the experimental
IPTE and the curves represent Gaussian fits. We obtain w0,x = 5.4 µm and w0,y = 5.2 µm.
The maximum responsivity value achieved was 27 mA/W (92 V/W) which corresponds
to a NEP of 82 pW/

√
Hz, with a noise spectral density of 2.21 pA/

√
Hz for a device

resistance of 3.38 kΩ at the pn-junction configuration given by E F,L = 85 meV, E F,R =

-105 meV.

interesting platform that fulfills the ongoing trend of decreasing the size, weight and power
consumption (SWaP) of infrared imaging systems2.

4.6 Photoresponse modeling
We develop the modeling of the photoresponse in collaboration with Elefterios Lidorikis
group from University of Ioannina as discussed in the following sections.

4.6.1 Optical modeling
We perform optical calculations with the full vector 3D finite-difference time domain
(FDTD) method using Lumerical software. The computational cell dimensions are 6×6×6
µm2 with perfectly matched layer (PML) conditions employed on all boundaries. We use a
grid of 5 nm in lateral (x,y) and 2 nm in vertical (z) directions. The light source is modeled
as an incident plane wave reaching the device through an open aperture of 5.9×5.9 µm2

with spectral range 5.5-10.5 µm. The dimensions of the device layers are described in
section 4.2.

We fit the Au dielectric function using the Drude model ε(ω) = ε∞ − ω2
P/(ω

2 + iΓω)

with ωP the plasma frequency and Γ the plasma collision rate. hBN is optically anisotropic
28, with different permittivities along the in-plane (⊥c) and out-of-plane (‖c) directions.
We fit both using the Lorentz model ε(ω) = ε∞ + sω2

0/(ω
2
0 − ω2 − iγω), where s is a
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Fig. 4.19: Simulated absorption enhancement averaged over an area of 0.2×0.2 µm2

around the device center (x = y = 0) for a 45 degree incident polarization respect to
the bowtie antenna main axis (red curve) compared to the average TE and TM response
(black curve). This result demonstrates that our system is linear and the photoresponse
for an incident oblique polarization is the sum of the two components (TE and TM).

dimensionless coupling factor, ω0 the normal frequency of vibration and γ the decay rate
amplitude. Table 4.1 shows the parameters for Au and hBN. The refractive indices used for
SiO2 and Al2O3 are taken from literature111, while for Si we use nSi = 3.42. Graphene is
implemented as a 2D surface with optical response modeled by the Kubo conductance112
σ = σintra + σinter, where:

σintra =
ie2

π}2Ω

∫ ∞
0

ε(∂εf (−ε;µ,Te)− ∂εf (ε;µ,Te))dε (4.1)

σinter =
ie2Ω

π}2

∫ ∞
0

(
f (−ε;µ,Te)− f (ε;µ,Te)

Ω2 − 4(ε/})2
)dε (4.2)

Here Ω is defined as Ω = ω+ iτ−1opt , τopt = 200 fs is the assumed electron relaxation time,
f (ε;µ,Te) = [e(ε−µ)/kBTe + 1]−1 is the Fermi-Dirac distribution and ∂ε = ∂/∂ε.

Material ε∞ s ω0,ωP [eV] γ0, Γ [eV]
hBN 28 ⊥ c 4.87 1.83 0.17 0.87
hBN 28 ‖ c 2.95 0.61 0.0925 0.25

Au 113 10.78 - 9.13 0.07

Table 4.1: Dielectric permittivity parameters of Au and hBN.

4.6.2 Thermoelectric modeling
We assume the quasi-continuous-wave case and solve the heat dissipation equation43:

−∇ · (κ∇Te) = ∇Π · jq − τ−1e−phce∆T + αPdens (4.3)
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where κ is the electronic thermal conductivity, Te the electronic temperature, Π = STe

the Peltier coefficient, S the Seebeck coefficient, jq = −σS∇Te the local thermoelec-
tric current, σ the electrical conductivity, τe−ph the average cooling time (3 ps), ce the
electronic heat capacity, ∆T = Te − Tl, Tl is the lattice temperature, α the absorption
fraction and the incident power density Pdens = Pin/Adiff , where Pin is the source power and
Adiff = λ2/π is the diffraction-limited area. The term ce/τe−ph in Equation 4.3 is equiv-
alent to Γcool, where Γcool (∼ 4-5×104 W/Km2) is the interfacial heat conductivity45,100.
Due to the large lattice heat capacity (compared to the electronic one) we assume constant
Tl = 300 K. The graphene parameters σ,S , ce,κ, Γcool and α are functions of position,
depending on both the local Fermi level EF and the local temperature Te, making this a
highly non-linear problem. The self-consistent solution of Equation 4.3 provides the Te

distribution from which the thermoelectric voltage is obtained:

VPTE = W−1
∫ W

0

∫ L

0

S∇Tedxdy (4.4)

where the length L is the distance between the contacts (assumed in the x direction,
as shown in Fig. 4.3a-b in the main text) and W the width of the graphene channel
(y direction, as shown in Fig. 4.3a-b). The photocurrent is then IPTE = VPTE/RD,
where RD = Rg + 2Rc with Rg is the resistance of graphene channel Rg =

∫ L

0
σ−1(x)dx ,

σ(x) =
∫W

0
σ(x , y)dy and Rc the contact resistance of the device. The responsivity and

NEP are calculated following the description in section 2.3.4.

Most parameters in the above equations depend on the local Fermi level and electronic
temperature. The former is obtained from the graphene charge density EF = }vF

√
πn(0),

where n(0) is calculated by electrostatic simulations (see section 4.6.3 and Fig. 4.20)
using the ratio εhBN/dhBN as determined by fitting the measured device resistance (see
section 4.6.4). At finite temperature we obtain the chemical potential from the solution
of
∫∞
0

v(ε)f (ε;µ,Te)− f (ε;−µ,Te)dε = E 2
F/π}2v2

F , where v(ε) = 2|ε|
π}2v2

F
is the graphene

density of states at energy ε and vF = 1×106 m/s the graphene Fermi velocity. The rest
of the graphene electrical and thermal parameters are calculated as follows:

Electrical conductivity:
σ(µ,Te) =

∫∞
−∞ σ(ε)∂εf (ε;µ,Te)dε, where σ(ε) = q[µqn(ε)+ µ̄n∗(ε)], with charge carrier

mobility µq = µe(µh) for ε > 0(ε < 0) and µ̄ = (µe + µh)/2. The effective residual local
charge fluctuation at energy ε is assumed to be n∗(ε) =

√
n(ε)2 + n∗20 − n(ε), where

n(ε) = ε2

π}2v2
F
is the graphene charge density at energy ε and n∗0 is the residual local charge

fluctuations in the charge neutrality point85,87.
Seebeck coefficient is given by the general Mott formula114:
S(µ,Te) = −(|e|Teσ)

−1 ∫∞
−∞(ε− µ)σ(ε)∂εf (ε;µ,Te)dε

Thermal capacity115:
ce(µ,Te) = ∂Te

∫∞
0

(v(ε)ε[f (ε;µ,Te) + f (ε;−µ,Te)]dε

Thermal conductivity: is given by the Wiedemann-Franz law κ(µ,Te) = L0σ(µ,Te)Te,
where L0 = 2.44× 10−8W ΩK−2 is the Lorenz number.

87



4 Plasmonic antenna coupling to hyperbolic polaritons for mid-infrared photodetection with graphene

4.6.3 Electrostatic modeling
The surface charge density of the graphene sheet is calculated by solving the Poisson
equation after applying the appropriate voltages V L and V R at the two branches of the
split gate. The graphene channel is introduced as a grounded surface above the hBN
dielectric spacer layer. The nearby metal contacts are also set to ground. The dielectric
constants of Si, SiO2 and hBN are set to 11.7, 3.9 and 3.546,116,117 respectively. The
surface charge density is calculated for both symmetric and anti-symmetric gating cases
(see Fig. 4.20a).

4.6.4 Device resistance modeling
The measured device resistance RD as a function of symmetric gate voltage (V L=V R) is
fitted considering RD = Rg +2Rc and with fitting parameters the electron-hole mobilities,
the residual local charge fluctuations n∗0 , the value of εhBN/dhBN, the Dirac voltage V D

(for charge neutrality) and the contact resistance Rc. The charge density distribution is ob-
tained by the electrostatic calculations. We obtain µe(µh) =10,200 (11,900) cm2V−1s−1,
n∗0 = 1.72 × 1011 cm−2, V D = 0.108 V and εhBN/dhBN = 0.222 nm−1. From the latter
we extract hBN thickness dhBN = 15.7 nm, in excellent agreement with the 15 nm used
in this work, validating our approach. The contact resistance is described with a Gaussian
distribution around the charge neutrality point118, with Rc = 0.2 (0.9) kΩ at high (low)
doping (see Fig. 4.2).

4.7 Speed calculations
The operation frequency of the photodetector is intrinsically related to the RC-time con-
stant τ = RDCD, with RD as the total device resistance (see section 4.6.2 and 4.6.4)
and CD

119 as the total device capacitance given by C−1D = C−1q + C−1G , where Cq is the
quantum graphene capacitance and CG is the capacitance of the system as given by the
normal formula for parallel-plate capacitors (for the case where V L = V R = 0.5 V and
εhBN/dhBN = 0.222 nm−1 as described in section 4.6.3 and 4.6.4. The operating speed is
then described by the rate f = (2πτ)−1 and the rise time τrise, which is the time required
for the photodetector to increase its output signal from 10% to 90% of the final steady-
state output level. The rise time is calculated as τrise = τ × ln(9) = (2πf )−1 · ln(9) =
0.35/f .
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a) b)

c) d)

Fig. 4.20: Electrical and thermal properties of the graphene channel when applying 0.5 V
(-0.5 V) to the left (right) gate. a) Calculated Fermi energy for the n-doped region (above
left gate region) and p-doped region (above right gate region). In the gate gap, which
is 155 nm, the Fermi energy drops to zero as we move from the n-doped to the p-doped
gated region. Low values of the Fermi energy are also present in the graphene patches
that extend 250 nm above and below the gate tips. b) Calculated Seebeck coefficient of
the different graphene regions. As with the Fermi energy, the Seebeck coefficient drops to
zero in the gate gap. Due to the difference in electron and hole mobilities, an imbalance is
present in the weakly doped regions. Calculated c) resistivity and d) thermal conductivity.
These two parameters are inversely proportional via the Wiedemann-Franz law.
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a) b)

c) d)

Fig. 4.21: a) G values in the graphene channel and b) temperature distribution for TM-
polarization and c) and d) for TE-polarization respectively. For both cases the incident
wavelength is 6.5 µm. In both polarizations we observe the maximum values of G in an area
of 0.4×0.5 µm2 around the center of the pn-junction (x=0, y=0). The fact that in the
rest of the graphene channel G values are 3-4 orders of magnitude lower compared to the
ones above indicates efficient light focusing in the pn-junction. This enhanced absorption
and low thermal conductivity (shown in Fig. 4.20d) across the pn-junction results in high
temperature concentration, as is evident in b and d. Note that the difference in G values
for the two cases corresponds to a difference in peak temperatures and finally in difference
a responsivity as shown in Fig. 4.6.
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4.8 Gate gap effect on the photoresponse
We perform a set of simulations for the TM-polarization case changing the gate gap
between 100 nm and 400 nm to observe its effect on the photoresponse performance.
Specifically, as shown in Fig. 4.22a, the averaged spectral absorption enhancement profile
<G> is different for all cases, especially for the case of 400 nm gap where the peak values
are much lower than the rest of the cases. This indicates that the interference patterns
of hBN HPPs are affected by the gate gap. In terms of responsivity (Fig. 4.22b), these
differences become more pronounced, as we can observe a clear optimum case for the 100
nm gap (the lower limit in terms of fabrication), while the performance of the 400 nm
gap case is by far inferior. To elucidate this behaviour, we examine the spatial profiles
of the parameters that affect the device performance, such as absorption (Fig. 4.23),
hot electron temperature distribution (Fig. 4.25) and PTE voltage density (Fig. 4.27)
for the cases of 100, 200, 300 and 400 nm gap at the wavelength where the maximum
responsivity is observed for each case. Absorption profiles in Fig. 4.23 clearly explains
the trends in Fig. 4.22a. As the overlap between the bowtie antenna and the tips of the
gates decreases (by increasing the gap of the latter), both relative strength and spatial
pattern is strongly altered. For 100 nm gap we observe large values of absorption, which
however are concentrated beyond the gate edges where thermal conductivity is high (see
Fig. 4.24). For 400 nm gap, on the other hand (no gate-antenna overlap) the absorption
is strongly diminished but also more uniformly distributed inside the gap where thermal
conductivity is low (see Fig. 4.24). These two conflicting attributes determine the temper-
ature distribution as presented in Fig. 4.25. Indeed, as we increase the gap the differences
we observe in peak temperature are smaller than those in absorption. Nonetheless, if we
consider that for larger gaps the temperature peak is well centred within the gap area
where the Seebeck coefficient (Fig. 4.26) has low values, we understand why PTE voltage
generation diminishes for larger gaps, as is evident in Fig. 4.27. Taking also into account
that resistance increases for larger gaps (see Fig. 4.28) explains the performance of our
device as presented in Fig. 4.22b.
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Fig. 4.22: a) Simulated <G> (averaged over an area 0.5×0.5 µm2 around the device
center x = y = 0) for devices with different gate gaps with incident TM-polarization, b)
corresponding spectral responsivity. The gate voltages configuration is VL,R = ±0.5 V (E F

= ±100 meV).

Fig. 4.23: Absorption distribution in graphene for TM-polarization with gate gap of a)
100 nm, b) 200 nm, c) 300 nm and d) 400 nm. The peak wavelength is chosen in each
case (λ = 6.551, 6.767, 6.636 and 6.679 µm respectively). The gate voltage configuration
is the same as displayed in Fig. 4.22.
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Fig. 4.24: Thermal conductivity across the graphene channel (at y = 0) for the devices
with the different gate gaps and gate voltage configuration V L,R = ±0.5 V (E F = ±100
meV). The small imbalance is due to the difference in electron and hole mobilities.

Fig. 4.25: Temperature distribution in graphene electrons for TM-polarization with gate
gap of a) 100 nm, b) 200 nm, c) 300 nm and d) 400 nm. The peak wavelength chosen
in each case is explained in Fig. 4.23. The gate voltages configuration is V L,R = ±0.5 V
(E F = ±100 meV).
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Fig. 4.26: Normalized ∆T (black lines) and Seebeck coefficient (blue lines) across the
graphene channel (at y = 0) for TM-polarization with gate gap of a) 100 nm, b) 200 nm,
c) 300 nm and d) 400 nm. The peak wavelength chosen in each case is explained in Fig.
4.23. The gate voltages configuration is V L,R = ±0.5 V (E F = ±100 meV).
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Fig. 4.27: PTE voltage density distribution in graphene for TM-polarization with gate gap
of a) 100 nm, b) 200 nm, c) 300 nm and d) 400 nm. The peak wavelength chosen in
each case is explained in Fig. 4.23. The gate voltages configuration is V L,R = ±0.5 V
(E F = ±100 meV).

Fig. 4.28: Device resistance as function of the gate gap for the gate configuration VL,R =
±0.5 V (EF = ±100 meV).
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4.9 Conclusions
In conclusion, we developed an efficient platform for coupling plasmonic antennas’ reso-
nances with HPPs launched towards a graphene pn-junction for sensitive and fast mid-IR
photodetection. Additionally, we established a graphene pn-junction design that exploits
the PTE response effectively by using a nearly optimum H-shaped graphene and gate de-
sign geometry and obtained a record performance of our room temperature photodetector
in the mid-IR. Moreover, we developed a multiphysics model that elucidates the involved
physics and predicts quantitatively the device photoresponse, which is useful for further
investigation even beyond the mid-IR range. The device concept introduced in this work
can be extended to detectors for other wavelengths or more specific functionalities such as
hyperspectral imaging and spectroscopy. Our approach can also be combined with HPPs in
other regions of the mid-IR and long-wave infrared range such as MoO3

120–122. Additional
tuning and wavelength sensitivity can be realized by controlling the hyperbolic material’s
thickness64,123 or shape35,124–126. These above mentioned reasons make our platform very
rich to further explore for fundamental and applications purposes.
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5.1 Introduction
Spectral selectivity for mid and long-wave infrared detection is at the heart of a myriad of
applications such as molecular spectroscopy,4–6,127 thermal imaging,13,106 etc. In particu-
lar, the energy range of the polaritons (e.g. plasmons, phonon polaritons) in 2D materials
is spectrally located at these long wavelengths. The 2D polaritons have been widely ex-
plored in the last years due to its intriguing optoelectronic properties.14,15,24 However, its
employment for efficient photodetection in the mid-IR and LWIR range at room temper-
ature has remained unexplored and typically an external detector (e.g. mercury cadmium
telluride, also known as MCT) is required to probe them.

The electrical detection of graphene plasmons in the mid-infrared range was shown in
ref. 13. It consisted on an array of graphene disks linked together with a narrow graphene
ribbon13. A significant drawback of this approach is that it requires a high input bias in
the graphene channel (1 V) for operation, which increases the noise level and the power
consumption. Moreover, this approach requires to pattern the graphene, thus reducing
significantly its mobility. Another related work was carried on by Bandurin et al. (ref. 81),
which demonstrated bilayer graphene plasmons by measuring the device photoresponse in
the terahertz regime (2.5 THz) that show high order of resonances produced at the channel
as a function of the gate voltage. Nevertheless, the device required cryogenic tempera-
tures (∼5 K) to observe noticeable features in the photovoltage. We stress that despite
the considerable advances shown in these investigations, none of them demonstrated in-
frared spectroscopy via the device photoresponse. Mainly, the photocurrent measurements
were performed at a fixed value of frequency/wavelength that also prevents to exploit the
underlying physics of these 2D polaritons, hence remaining elusive in particular for high
quality graphene devices.

In this work, we merge into one single platform the polaritonic material and the detec-
tor. Hence, this approach prevents the need of using an external detector. The device
can operate at ambient conditions and room temperature, under zero-bias and does not
require graphene patterning. We fabricated 4 devices based on high quality graphene en-
capsulated by hexagonal boron nitride (hBN) on top of metallic rod arrays that serve to
launch the hBN phonon polaritons and/or graphene plasmons. We also doped graphene
via an electrostatic potential applied between these rods and graphene separated by a thin
hBN layer. By following this approach we reach high Fermi level values of the order of 0.4
eV.

The design of these devices is meant to exploit the photothermoelectric effect by cre-
ating a graphene pn-junction using metallic gratings as local gates. This photocurrent
mechanism has been described extensively in the previous chapters 3-4. However, in this
case the rise in temperature is not caused by a strong light concentration at the gap of
an antenna at the pn-junction interface as demonstated in previous chapters 3-4. Here,
the strong absorption in graphene is designed to be mediated by graphene plasmons or
hybridized plasmon phonon polaritons launched by the grating gates. The natural decay
product of these polaritons is electronic heat diffusion, which causes a temperature gra-
dient across the graphene channel that together with the doping asymmetry produce a
photovoltage.128 The main pathways of damping are due to dielectric losses in hBN and
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graphene’s thermal phonons.128

5.2 Device fabrication and working principle
We have produced 4 devices for transmission and photocurrent measurements. We use
different device configurations depending the type of measurements, by mainly varying the
grating location. For instance, we place the gratings on top of the 2D stack for the device
used for transmission measurements (see Fig. 5.3a). Although this configuration provides
an ideal situation for launching efficiently the polaritons31,32 and achieving uniform gat-
ing across the graphene channel by using a Si backgate, its fabrication yield is quite low.
One of the main challenges for this geometry is that for FTIR measurements we need a
relatively large 2D stack area of around 30×30 µm2 (see Fig. 5.1a) to obtain a decent
signal-to-noise-ratio (SNR). The second reason is the metallic nano-gratings arduous lift-
off step as shown in Fig. 5.1b, which sometimes needs sonication that harms the graphene
quality.

30 µm

a) b) c)

10 µm 2 µm

Fig. 5.1: a) Optical images of device 1. b) SEM picture of the gratings on top of the 2D stack
of device 1. c) Zoomed SEM image of the gratings in b.

drain

source

Gate 2

Gate 1

17 μm

Gate 1

Gate 2

6 μm

a) b)

Fig. 5.2: Optical images of a) device 3 and b) device 4. Each picture indicates the correspondent
scale bar.

In order to obtain higher yield of fabrication for these devices, we change the device
configuration by placing the gratings below the 2D stack (for devices 2-4, see Fig. 5.4a).
In fact, since the first fabrication steps are to pattern and evaporate the metallic gratings,
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we can sonicate the substrate to avoid any lift-off issues thus achieving a high yield of
fabrication of these nanostructures. We also pattern the metallic gratings of device 3 and 4
using Ga FIB (gallium focused ion beam), which allows us to obtain sharper metallic edges
of the gratings and higher resolution of the features as shown in Fig. 5.4c. In contrast
to the device 1, in devices 2-4 we use the gratings with a two-fold purpose: 1) to provide
enough momentum to launch the 2D polaritons and 2) to dope graphene by using them
as a bottom split gate to create a graphene pn-junction as shown in Fig. 5.4b. We use
devices 2-4 for the photocurrent measurements. For this type of measurements, the 2D
stack area can be small (below 20 µm2, see Fig. 5.2) since the laser power used is high
(achieving values up to 10 mW and irradiance of 33.6 mW/µm2) and we focus the light
with a high NA objective, thus obtaining a good SNR.

The 4 devices are listed in Table 5.1 with their respective characteristics. We mainly
vary the grating period (L is the period of the metallic rods that consists on the sum of the
metallic width (w) and the gap between these rods (g)), substrate, gratings fabrication
procedure (fabricated using EBL or FIB) and hBN type: natural or enriched isotope. In
this thesis, we report mainly the results of device 1 and 2.

Sample Grating location Grating Grating period Substrate hBN type
respect to 2D stack fbarication (L = w + g)

Device 1 above EBL 150 = 100 + 50 nm SiO2 natural
Device 2 below EBL 100 = 50 + 50 nm CaF2 natural
Device 3 below FIB 75 = 40 + 35 nm SiO2 iso-B10
Device 4 below FIB 140 = 75 + 65 nm CaF2 iso-B10

Table 5.1: Characteristics of the fabricated devices.

Finally, we point out that after these fabrication steps, we shape graphene via a pat-
terned etching mask with EBL. Then, we use SF6 gas to etch the top hBN, followed by
etching step for graphene using O2 gas. As a last step we produce the 1D contact be-
tween metal and graphene, by patterning with EBL the metal electrodes overlapping with
graphene as explained in previous chapters. Subsequently, we perform the same etching
procedure mentioned above and followed by a thermal evaporation step of Cr/Au contacts
and lift off in acetone as described in Ref. 34. We obtain graphene mobilities of these
devices between 5,000 - 10,000 cm2/Vs, extracted from the resistance curves as a function
of gate voltage as shown in previous chapters.

5.3 FTIR and mid-IR/LWIR setup
For the transmission measurements of device 1 we use a commercial FTIR (fourier trans-
form infrared) spectrometer (Bruker Tensor FTIR with a Bruker Hyperion 2000 microscope
and nitrogen cooled MCT detector), which its spectral range goes from 6500 to 650 cm−1
(λ = 1.54 to 15.4 µm) under normal incidence in air.
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The experimental mid-IR/LWIR setup used is very similar to the one described in chap-
ter 4. The main difference relies on the laser source that for these experiments we use a
pulsed QCL mid and long-wave infrared laser (MIRcat from Daylight Solutions) that its
tunable wavelength ranges from 6.6 to 13.6 µm with a spectral resolution of <1 cm−1
and it’s linearly polarized. We modulate the light via an optical chopper at 373 Hz and
we measure the photocurrent using a lock-in amplifier (Stanford Research). We scan the
device position with motorized xyz-stage. We focus the infrared light using a reflective
objective with a NA of 0.5. To calibrate the incident power we use a thermopile detector
from Thorlabs placed at the sample location.

5.4 Results and Discussion
5.4.1 FTIR transmission measurements
We perform transmission measurements using FTIR from a wavenumber range between
1200-1800 cm−1 (λ = 8.3 - 5.5 µm respectively). We typically normalize the transmission
spectrum with a reference signal (e.g. bare substrate, in this case low doped Si/SiO2)
outside the device area (including the metallic rods with the 2D stack). However, when
sweeping the Si backgate voltage during the measurements, we take the reference at the
graphene area with the backgate at the CNP value (around 0 V). The spectrum resolu-
tion is about 4 cm−1 (correspondence of 16 nm in wavelength). We also estimate the
extinction value of the measurements, which corresponds to the 1 minus the normalized
transmission to the one at the graphene CNP. Following this procedure, we are able to
probe the changes in the optical response of the device as a function of the charge carrier
density.

Fig. 5.3d displays the extinction spectrum for several backgate voltage values, thus
reaching Fermi level values of 0.3 eV. We observe several features in this spectrum. In
particular, a prominent dip appears at 1435 cm−1 (λ = 6.97 µm) as the Fermi level in-
creases and has negative values of extinction. Also we identify a sharp peak around 1447
cm−1 (λ = 6.91 µm), which increases its extinction value from 5% to 12% when increasing
the Fermi level. Additionally, this peak blue shifts proportionally to the Fermi level that
corresponds to a graphene plasmonic behavior. We investigate this peak by performing
an optical simulation shown in Fig. 5.3b at 0.3 eV and the mentioned wavenumber (1447
cm−1). We observe that the hBN hyperbolic phonon polaritons (HPPs) are launched at
the edges of the metallic gratings and propagate as ray-like waves through the hBN slab.
Simultaneously, in the graphene layer plane, a plasmonic wave is observed mainly below
the metal width and gap region that also constructively interfere with the HPPs. This
behavior corresponds to the hybridize plasmon-phonon polaritons as shown in near-field
experiments via s-SNOM28,37. This is in agreement with the relatively small wavenumber
shift (≈ 20 cm−1) with the Fermi level ascribed to the phonon-like nature of this polariton.

On the other hand, we observe a peak with smaller extinction value below (5%) that
appears at 0.22 eV and around 1540 cm−1. This peak also blue shifts (≈ 35 cm−1) for
a narrower range of Fermi level (from 0.22 to 0.3 eV). We also investigate this extinction
peak via optical simulation as shown in Fig. 5.3c, which depicts a graphene plasmon mode
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Fig. 5.3: Device 1 schematic, transmission measurements and simulations. a) Schematic
representation (not to scale) of the device 1 cross section used for tranmission measurements. b)
Cross section view of the simulated total electric field intensity (|E |2) normalized to the incident one
(|E0|2) at 1447 cm−1 (λ = 6.91 µm) for a graphene Fermi level of 0.3 eV. c) Same as b but at 1607
cm−1 (λ = 6.22 µm). b and c y−axis is not to scale for illustration. d) Extinction (1-T/TCNP)
spectrum of the device 1 measured by FTIR. The extinction corresponds to 1 minus the measured
transmission normalized to the transmission at the graphene CNP. The traces correspond to several
Fermi levels as indicated in the legend. e) Optical simulations based on device 1 geometry for
several Fermi levels. We show excellent qualitatively and quantitatively agreement respect to the
measurements shown in d.
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at its plane. At this particular wavenumber value (1607 cm−1) we don’t observe a clear
hybridization with the hBN HPPs since corresponds to the spectral edge of the upper RB.
We point out that the former peak of the hybridized mode shows narrower linewidth and
higher extinction value asscribed to the low-loss nature of this polariton28,37 in compari-
son with the peak corresponding to the graphene plasmonic non-hybridized mode at 1600
cm−1.

In collaboration with Elefterios Lidorikis group, we perform periodic optical simulations
using finite-difference time-domain (FDTD in Lumerical software) of the structure depicted
in Fig. 5.3a using a graphene mobility of 10,000 cm2/Vs, which matches the extracted
mobility of the device mentioned previously. We observe the theoretical extinction curves
in Fig. 5.3e that show an excellent agreement in a qualitative and quantitative manner
respect to the experimental results. The slight spectral blue shift of the peaks in the simu-
lations respect to the experiment might be ascribed to the used hBN dielectric permittivity
model (Cai et al. from ref. 28). Also, the slightly higher extinction value in the simulations
are most likely due to the peak broadening as a result of inhomogeneous metal and gap
width of the rods.

103



5 Mid-infrared photocurrent spectroscopy via electrical detection of 2D polaritonic nanoresonators

5.4.2 Photocurrent measurements and device responsivity
As previously explained, for the photocurrent measurements,the gratings are placed below
the 2D stack and also are used as gates. These gates produce a non-uniform electrostatic
profile as shown in Fig, 5.4e, where the field decays significantly outside the edges of the
gates. In fact, the electrostatic potential and hence the Fermi level doesn’t decay to zero
for small values of the gap between the metallic rods. For instance, in the case of a period
consisting of an equal size of the gap and metal width, we obtain a maximum decay of
3 times the value above the gated rod as shown in Fig. 5.4e. As we will explain later,
this non-uniform gating has an important influence on the optical response of these devices.

a) b) c)

d) e)

1 µm
z

xy

Fig. 5.4: Schematic of device 2 and electrostatic potential profile. a) Cross section view of
device 2. This configuration is used for photocurrent measurements. b) Top view of device 2.
The gap of the grating gates is 200 nm for this device. c) SEM image of the grating gates of
device 4. d) Periodic electrostatic potential for a uniform gating device. e) Same as d, but for
non-uniform electrostatic profile resembling the one of devices 2-4.

For the characterization of the photoresponse we first measure the device 2. The opti-
cal image of this device is displayed in Fig. 5.5a together with the electrical configuration
using a zero-bias graphene channel. We perform a scanning photocurrent map across the
device area and set the laser wavelength to 6.6 µm. We apply -0.2 V to both grating gate
1 (GG1) and grating gate 2 (GG2), which corresponds to p-type doping for both gated
regions (CNP gate value is around 0 V). We observe in Fig. 5.5b that the main pho-
tocurrent contribution is from the metallic contact-graphene interface. This is attributed
mainly to the Fermi level pinning of graphene in the vicinity of the contact41,62. It is worth
mentioning that we are able to observe this contribution since the device size (24×21 µm2)
is larger than the beam spot size, which we typically achieve a beam fwhm close to the
incident wavelength (e.g. 10 µm for a λ = 6.6 µm).

Then we apply to GG1 = 0.4 V (n-type doping) and to GG2 = -0.25 V (p-type doping),
thus creating a graphene pn-junction. By taking the same scan map range as in Fig.
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Fig. 5.5: Photocurrent measurements of device 2. a) Optical image of device 2. b) Scanning
photocurrent map at 6.6 µm. The gates are set to -0.2 V that corresponds to p-type doping for
both gated regions. c) Same as b but with GG1 set at 0.4 V and GG2 at -0.25 V, thus creating
a pn-junction. d) Photocurrent map as a function of the two gate voltages at λ = 8.6 µm for
device 4. e) Spectral responsivity of devices 2-4. The gates’ voltages are set to low doped (≈ 0.1
eV) pn-junction configuration.

5.5b, we observe that in this case the photocurrent contribution is located at the graphene
pn-junction interface. On the other hand, the contact contribution remains present but
its magnitude is weaker than the pn-junction contribution (see Fig. 5.5c).

We locate at the pn-junction interface maximum signal with the motorized stages as
explained in the previous chapters. Here, we acquire a photocurrent map as a function
of the gate voltages (GG1 and GG2) that are tuned independently. This measurement
allows us to identify the photocurrent mechanism and Fermi level of each junction for
optimum operation. We observe that the maximum photocurrent occurs at the np or pn
configuration as shown in Fig. 5.5d. Also, in this figure we notice multiple sign changes
of the photocurrent, thus showing the characteristic 6-fold pattern corresponding to the
photothermoelectric effect. This confirms that the PTE effect is the driven photocurrent
mechanism as observed for similar devices in the previous chapters.

In Fig. 5.5e, we display the responsivity spectrum of devices 2, 3 and 4. We set the gate
voltages to obtain a pn-junction configuration in the low doping regime between 0.15-0.16
eV. In general, we observe a higher photoresponse at the hBN upper (∼ 6-7 µm) and lower
(∼ 12-13 µm) RB bands, since the HPPs concentrate the mid-IR light at the pn-junction
interface as shown in chapter 4 for the upper RB case. The typical incident power ranges
from ∼1-15 mW and an irradiance of 33.6 mW/µm2. The three devices achieve a similar
responsivity in the order of tens of µA/W. We point out that the low responsivity of these
devices occurs since it doesn’t exploit efficiently the photothermoelectric effect. First,
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the device configuration doesn’t fully concentrate the incoming beam to the graphene
pn-junction as demonstrated with the approaches shown in previous chapters. Also, the
device geometry is not optimum as the graphene shape corresponds to a rectangular sheet
and not to an H-shaped graphene channel as shown in previous chapters as well. Despite
of using this simplistic design, we accomplished a good SNR (see Fig. 5.5b-c).

5.4.3 Photocurrent spectra
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Fig. 5.6: Normalized photocurrent spectra of device 2. a) Normalized photocurrent spectrum
at several gate voltages. The photocurrent spectra are normalized to the one at the gate at CNP.
We highlight and label the polaritonic peaks with red arrows. b) Amplified region of a to highlight
the lower RB spectral range. c) Same as b but for the upper RB range. d) Optical simulation of
graphene absorption at the upper RB spectral region for different Fermi energies. We label the
identified peaks in the same manner as the experimental ones. e) Same as d but for the lower RB
range.

Now, we investigate the normalized photocurrent spectrum for device 2 at several gate
voltages of GG2 as shown in Fig. 5.6a. Basically, the photocurrent spectra are normalized
to the one taken with GG2 at the CNP in order to probe the carrier dependent optoelec-
tronic properties. GG1 is set to a fixed gate voltage (0.4 V, n-type doping) and for this
voltage, the maximum photocurrent when GG2 is swept towards negative voltages (p-type
doping) as shown in Fig. 5.6a, thus forming a pn-junction configuration. We observe
several peaks at different spectral regions as shown in the red arrows in Fig. 5.6a. We
highlight in yellow two specific regions such as the upper (≈ 6-7 µm) and lower (≈ 12-13
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µm) RBs, where we observe several peaks that evolves with Fermi level (up to 0.35 eV).
This is ascribed to the hybridized plasmon-phonon polaritons. These peaks associated to
polaritonic resonances are highlighted and labeled with red arrows.

Moreover, two additional broad peaks (labeled as 5 and 6) appear at higher Fermi lev-
els outside the RBs, around 9.5 and 10.35 µm respectively. These peaks are potential
graphene acoustic plasmons31,32,128,129 since are separated with the metal rods by 5 nm of
hBN. Regarding the evolution of these peaks as a function of the Fermi level, we observe
that the normalized photocurrent in general increases in the spectral region between 9.2 to
12 µm proportionally to the Fermi level as shown in Fig. 5.6a. In particular, for the peak 5
we notice a broader peak at 0.32 eV that raises compared to the signal base level with its
maximum located around 10 µm and shifts to 9.5 µm for a Fermi level of 0.35 eV. In the
case of peak 6, we notice a peak emerging from the base line signal from 0.32 eV centered
at 10.5 µm and shifts at 0.35 eV to 10.35 µm (considering the pronounced peak shoulder).
We point out that the spike at 10.3 µm for 0.29-0.32 eV is due to a normalization artefact.
It is worth to mention that the blue shift of these peaks are more pronounced to the ones
at the RBs (hybridized modes).

a) b)

c) d)
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Fig. 5.7: Optical simulations at the upper RB range. Cross section view of the electric field
intensity normalized to the incident one. The Z direction (y-axis in graphs) and X direction (x-axis
in the graphs) are defined in Fig. 5.4a. The calculations correspond to a uniform graphene Fermi
level at 0.3 eV for the following wavelengths: a) 6.91 µm (corresponding to peak 1 in Fig. 5.6),
b) 7.0 µm (corresponding to peak 2 in Fig. 5.6), c) 7.15 µm (corresponding to peak 3) and d)
7.29 µm (corresponding to peak 4). The dashed lines in all panels indicate the correspondent 2D
material (as shown in panel a) and the squares the metallic rods regions (labeled as Au). Due to
the periodicity of the simulations, the metal width splits by half at the edges of the simulation
unit cell.
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We investigate in more details the peaks observed in the RBs. First, for the case of
the lower RB range as shown in Fig. 5.6b, we observe two main peaks around 12.5 (peak
labeled as 7) and 12.85 µm (peak labeled as 8). These peaks show an increase in the
amplitude at higher Fermi levels, as well as a small blue shift for both peaks 7 and 8. For
the case of the 8th peak from 12.88 µm (776 cm−1) to 12.83 µm (779 cm−1), whereas the
7th peak shifts from 12.48 µm (801.3 cm−1) to 12.46 µm (802.6 cm−1). For the case of
the upper RB range shown in Fig. 5.6c, we identify several peaks (1-4) marked with the
red arrows. In general, all the peaks increases the amplitude with the increase of the Fermi
level. In particular, for peak 1 we observe a more pronounced blue shift with the Fermi
level, which goes from 6.96 µm (1437 cm−1) from to 6.91 µm (1447 cm−1). The 4th peak
corresponds to the TO phonon of hBN, which seems to have a pronounced contribution
at low Fermi level values but reduces its effect at high doping.

a) b)

λ = 12.37 μm (peak 7)

Au Au

graphene

top hBN

bottom hBN

air

CaF2
λ = 12.70 μm (peak 8)

Au Auair

CaF2

Fig. 5.8: Optical simulations at the lower RB range. Cross section view of the electric field
intensity normalized to the incident one. The Z direction (y-axis in graphs) and X direction (x-axis
in the graphs) are defined in Fig. 5.4a. The calculations correspond to a uniform graphene Fermi
level at 0.3 eV for the following wavelengths: a) 12.37 µm (corresponding to peak 7 in Fig. 5.6)
and b) 12.70 µm (corresponding to peak 8 in Fig. 5.6). The dashed lines in all panels indicate
the correspondent 2D material as indicated with black arrows and the squares the metallic rods
regions (labeled as Au). Due to the periodicity of the simulations, the metal width splits by half
at the edges of the simulation unit cell.

Fig. 5.6d-e depicts optical simulations performed using semi-analytical coupled-wave
analysis (RCWA) in collaboration with the group of Nuno Peres from University of Minho.
In Fig. 5.6d we observe similar peaks as labelled in the experimental plot with the red
arrows (5.6c) and also shows that peak 1 blue shifts more pronounced respect to the other
ones, which demonstrates excellent agreement between the theory and measurements. In
a similar fashion, Fig. 5.6e exhibits the two peaks present in the experimental results at
similar spectral position.

We analyze these labeled peaks in more details by investigating theoretically the electric
field intensity of these polaritonic resonances. The electric field intensity associated to
peak 1 (labeled in Fig. 5.6c) is shown in Fig. 5.7a. We notice two horizontal nodes in
the field located at the upper edge of the top hBN nearby x=0 and x=50 nm (or x=-50
nm), which confirms that this mode is produced by the first diffraction order. The angle
of propagation of such modes inside the upper hBN layer is such that on one period of the
structure, a ray can travel from the top hBN’s upper edge towards the graphene layer, be
partially reflected and then travel backwards the upper edge of top hBN layer. When inter-
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a) b)

5

6

Au Auair

CaF2

λ =  11.62 μm

Fig. 5.9: Optical simulations of graphene plasmons. a) Absorption spectrum outside the RBs
range. The graphene doping is 0.35 eV. b) Cross section view of the electric field intensity
normalized to the incident one at λ = 11.62 µm. The Z direction (y-axis in graphs) and X
direction (x-axis in the graphs) are defined in Fig. 5.4a. The calculations correspond to a uniform
graphene Fermi level at 0.35 eV. The dashed lines in all panels indicate the correspondent 2D
material (as shown in Fig. 5.7a) and the squares the metallic rods regions (labeled as Au). Due
to the periodicity of the simulations, the metal width splits by half at the edges of the simulation
unit cell.

acting with the graphene, part of the ray intensity penetrates into the bottom hBN layer,
producing the wave with high field intensity, confined inside the lower hBN layer between
the graphene and metallic grating. Fig. 5.7b shows the spatial distribution of the field,
which corresponds to peak 2 in Fig. 5.6c. The spatial distribution of field is characterized
by presence of 4 nodes on one period in the horizontal direction (which indicated that this
mode corresponds to the second diffraction order). The angle of propagation of this mode
is similar to the previous case: on one period of the structure the mode ray travels from
the upper edge of the top hBN layer towards the graphene, partially reflects from it and
returns towards the top hBN layer’s upper edge. Fig. 5.7c shows the spatial distribution
of the field intensity, corresponding to peak 3 in Fig. 5.6c. The presence of the two
nodes (located at x=0 and x=50 nm) on one period of the structure demonstrates, that
this mode correspond to the first diffraction order. The angle of propagation is different
respect to the previous cases since on one period the ray travels from one side of the top
hBN and returns to its initial position in another period. Finally, in Fig. 5.7d we observe
that the spatial field intensity distribution corresponds to a bunching of modes. Thus, in
the vicinity of hBN TO phonon resonance an infinite number of modes are excited, so that
the field is the mixture of different modes.

In the case of the lower RB, we observe in Fig. 5.8a the electric field intensity corre-
sponding to the peak 7 defined in Fig. 5.6b. We notice that the scenario is similar to that
of peak 1 (see Fig. 5.7a): on one period ray-like mode travels from upper edge of top
hBN layer, then partially reflects from graphene layer and return back to the upper edge of
hBN. At the same time, the radiation, partially transmitted through the graphene, excites
the mode in the bottom hBN, which field is concentrated mainly above the gap in the
periodic structure. In Fig. 5.8b shows the spatial distribution of the field, corresponding
to peak 8 in Fig. 5.6b. We observe that the propagation of the waves occurs in a different
scenario: during the half-period of the structure, the wave travels from the upper edge of
top hBN layer, reflects from the corner of metallic rod, and returns to the hBN upper edge
(and the same on other half-period).
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Now, we compare the peaks observed outside the RBs (see Fig 5.6a) with the results
of the optical simulations as shown in Fig. 5.9a. We notice that the peak 5 located at
9.3 µm shows spectral position agreement with the experiment (located around 9.4 µm in
Fig. 5.6a), however the peak at 11.6 µm (peak 6) is slightly red shifted respect to the one
experimentally measured (located at 10.35 µm). It is worth to mention that the linewidth
of the experimental peaks are significantly broader compared to the simulated ones. This
might be ascribed to the non-uniform doping produced by the grating gates, which requires
further studies. Fig. 5.9b shows the electric field intensity spatial distribution of graphene
plasmon-polariton mode at 11.6 µm (peak 6). As it can be seen, the electromagnetic
field is mainly concentrated between the graphene and metal, which is characteristic of
an acoustic mode.31,32,129 Peaks 6 and 5 correspond to the first and second diffraction
orders, respectively. We also find the amplitude of the absorbance of the peak at 11.6
µm is larger compared to the other peak (peak 5) as the effectiveness of excitation of the
second diffraction order is in general less, if compared to the effectiveness of first order
excitation, which also is in agreement with both experiment and theory.

110



5.4 Results and Discussion

5.4.4 Dispersion relation of the 2D polaritons

We calculate the dispersion relation of the polaritonic modes present in the device using
the transfer matrix method (TMM) in collaboration with the group of Nuno Peres from
University of Minho. The dispersion of the plasmon phonon polariton modes in the upper
and lower RB are shown in Fig. 5.10a-b, where the different colored lines represent the
several order modes of these polaritons (ranging from the 1st to 5th modes). The order
number is given by the number of nodes present in the polaritonic field. We point out
the characteristic dispersion of the HPPs behaving as collective modes present at several
wavelength values as shown in Fig. 5.10a-b.

Then, by considering the in-plane momentum conservation principle, the momentum
provided by the light diffraction at the metallic rod array is given as following: kn = kin

+ nK = 2π
λ sin(θin) + n 2π

L , where θin is the incident angle, λ is the incident wavelength,
n is the diffraction order, L is the period of the metallic rods that consists on the sum of
the metallic width (w) and the gap between these rods (g). Due to the fact that we work
under normal incidence, the in-plane momentum will be given by the period of the metal
grating (K = n2π/L = n2π/(w +g)). By taking into account the period of device 2 (L =

100 nm, w = 50 nm and g = 50 nm), we determine the momentum given for the first
(K = 63 µm−1) and second (K = 127 µm−1) diffraction order values respectively that are
plotted as horizontal red dashed lines in Figs. 5.10a-b.

In Fig. 5.10a the modes corresponding to the peaks observed experimentally in Fig.
5.6c are plotted in red filled circles, where peak 1 and 3 correspond to the first diffraction
order resonance produced by the metal rods, hence crossing the first horizontal red dashed
line (this is confirmed by 2 nodes per period in Figs. 5.7a and 5.7c). Then for the case
of the 2nd peak, we find that corresponds to a second diffraction order resonance (due to
the four nodes per period observed in Fig. 5.7b) with a slight red shift compared to the
estimated value (represented in open red circle), thus showing excellent agreement with
the experimental results. In the same fashion, at the lower RB range in Fig. 5.10b we
observe the excitation of the first diffraction order resonance, namely the peak located
experimentally at 12.83 µm (peak 8) in Fig. 5.6b as well as a second order resonance the
smaller peak at 12.46 µm (peak 7). We notice a slight red shift that is equal for both
peaks of about 0.15 µm compared to the theoretical values represented in red open circles.

We also investigate the wavelengths of these polaritonic peaks as a function of graphene
Fermi level as shown in Fig. 5.10c-d. We observe a very small blue shift in all the modes for
the upper RB, except for the case of the peak 1 located around 6.9 µm in Fig. 5.10c. This
fact is also confirmed by the experimental data (see Fig. 5.6c), where the shift of peak 1
is also more pronounced thus demonstrating its high degree of hybridization with graphene
plasmons. For the case of the lower RB (Fig. 5.10d), the blue shift is considerably small as
observed in the experiment for the 7th and 8th peaks. For instance, this latter peak located
around 12.8 µm shows a blue shift of 50 nm in wavelength or 3 cm−1 in wavenumber as
shown in Fig. 5.6b. The small shift for the hybridized modes is a result of the narrow RBs
region that compressed spectrally these polaritons and the higher phononic contribution
compared to the plasmonic one as seen in the electric field profile. Also as the hybridized
polariton energy moves closer to the TO phonons of hBN, these polaritons become very
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lossy due to the substrate absorption and these modes can’t propogate anymore as shown
in ref. 130,131.
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Fig. 5.10: Dispersion relation of the 2D polaritons at RBs. a) Dispersion relation of the
hybridized plasmon phonon polariton modes at the upper RB. The two horizontal dashed lines
correspond to the first and second diffraction order resonances launched by the metal rod array.
The marked red dots represent the experimental values, which the numeric labels are defined in
Fig. 5.6. The graphene Fermi level is 0.35 eV. b) Same as a but at the lower RB spectral range.
c) Eigenfrequency (wavelength) of each polaritonic mode at the upper RB as a function of the
graphene Fermi level. d) Same as c but at the range of the lower RB.

5.4.5 Tunability of the 2D polaritonic nanoresonators
Furthermore, we investigate theoretically the tunability of the excited 2D polaritons by
varying the bottom (Fig. 5.11a) or top (Fig. 5.11b) hBN slab thickness or metal grating
period (Fig. 5.11c-d). The bottom and top hBN layers form a whole slab, where the
hybridized polaritons propagate and bounce at the boundaries of the layers. As a result,
in Fig. 5.11a we notice that when increasing the top hBN thickness, the peaks of the po-
laritonic modes mostly blue shift (contrary to a Fabry-Pérot like resonator) and conserve
their absorption amplitude. In particular a prominent shift is observed for the peaks 1 and
2 as labeled also in Fig. 5.6c. In addition, we observe an additional peak (labeled as 5’
in Fig. 5.11a) for the thicker case of the top hBN. The peaks 1 and 2 vary in amplitude
and spectral position when the bottom hBN layer thickness is changed and even appears
an additional peak for the thicker bottom hBN (8 nm). The peak 3 remains at the same
spectral position for the different cases.

When varying the period of the metallic rods as shown in Fig. 5.11c, we observe a sim-

112



5.4 Results and Discussion

ilar trend as when changing the top hBN thickness (see Fig. 5.11a). Mainly, we observe a
red shift of the peaks 1-3 and a weak variation of the peak amplitude. However, we don’t
observe any appearance of additional peaks as in the former cases. In contrast, for the
lower RB range (Fig 5.11d) we notice that when increasing the periodicity of the metallic
rods, the polaritonic peaks blue shift and the absorption amplitude is increased.
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Fig. 5.11: Tunability of the polaritonic cavity. a) Absorption spectrum of the upper RB spectral
range for several top hBN thicknesses. The graphene Fermi level is 0.35 eV. b) Same as a but
changing the bottom hBN thickness and keeping constant the total thickness of the hBN slab
(bottom and top layers). c) Same as a but keeping at a fixed value of the bottom hBN to 5 nm
and top hBN to 28 nm. It shows several traces for different values of the period of the metallic
rods. d) Same as c but at the range of the lower RB.

5.4.6 Power dependence of the photoresponse
We measure the photocurrent as a function of the incident power of the mid-IR light.
We are able to attenuate the laser power for several orders of magnitude, hence reaching
the microwatts regime. We focus on the wavelengths that we find the polaritonic peaks
shown above. In addition to this, we perform this measurement for several gate values in
order to observe any influence on the graphene doping related to the polaritonic behavior.
Basically, we fix the GG1 to 0.5 V (n-type doping) and sweep the GG2 towards negative
voltage values (p-type doping), thus creating a pn-junction as done for the other measure-
ments. We fit the data according to a power law IPTE ∝ Pγ as shown in filled lines in Fig.
5.12a-d, where IPTE is the photocurrent and P the incident laser power. We obtain a value
of γ ranging from 0.85-0.95, thus showing a rather linear behavior of the photoresponse
that for all the wavelengths for several orders of magnitude of incident power (up to 4
orders at λ = 9.35 µm). Regarding the effect of the doping variation, we didn’t observe a
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significant difference between the γ values at the CNP and 0.35 eV. These results indicate
that the device is operating in the weak heating regime, where the change in tempera-
ture of the electronic system (∆T) is significantly smaller than the ambient temperature
(Tambient)23,45,100. This is in agreement with the optical simulations that show relatively
low absorption percentage of graphene (around 10% of the incident light), which exper-
imentally is even smaller by considering that mainly the absorption taking place at the
pn-junction interface contributes to the photocurrent generation.
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Fig. 5.12: Power dependence of the photoresponse. Photocurrent as a function of the incident
power for several wavelengths: a) at 6.91 µm, b) at 7.05 µm, c) at 9.35 µm and d) at 12.85
µm. For all the cases we plot for different gate voltages of GG2 that 0 V corresponds to the CNP
and -2.4 V to a graphene Fermi level of 0.35 eV. GG1 remains fixed at 0.5 V. The opened circles
represent to the experimental points and the lines to the fit.
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5.5 Conclusions
To summarize, we have shown mid and long-wave infrared photocurrent spectroscopy
via electrical detection of graphene plasmons, hyperbolic phonon-polaritons and their hy-
bridized modes. We also probed these high quality polaritons via optical transmission mea-
surements. We have demonstrated the wide tunability of these nanoresonators by changing
several parameters, such as hBN thickness, grating period, substrate and graphene Fermi
energy. Thus, this approach enables a suitable platform for spectrally selective detection
in this range and has the potential to constitute high accuracy thermal imaging, compact
spectrometers, gas sensors, etc.
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6 Electrical detection of molecular vibrations coupled to hyperbolic phonon polaritons

6.1 Introduction
The identification of molecular vibrations is at the heart of many infrared applications
such as molecular spectroscopy,5,6,127 infrared thermography,2 moisture detection for fire
safety,2,8,11 space exploration,2 etc. These vibrational modes’ resonances correspond to
e.g. stretching vibrations of chemical bonds, which represent their spectral fingerprints
and occur at this particular infrared range of the spectrum extending even up to the THz
range.132,133 At these frequencies the absorption cross section of molecules and thin layers
is considerably small, which makes the identification of them even more challenging.4

In previous studies, hBN hyperbolic phonon polaritons were coupled to vibrational modes
of molecules, even reaching the vibrational strong coupling regime.4,134 These polaritons,
besides showing huge field confinement and long lifetimes, are spectrally located at the
mid and long-wave IR range coinciding with these molecular vibrational resonances. A
first experiment was conducted using hBN nanoribbons that constituted high Q-factor
nanoresonators, where on top of these VdW crystals was deposited thin layers of 4,4’-bis(N-
carbazolyl)-1,1’-biphenyl (CBP) molecules.4 FTIR (fourier transform infrared) transmission
measurements were measured to obtain the spectra (see Fig.6.1) of the nanoribbons array
without and with several CBP layer thicknesses. When the CBP thickness increases, a
more pronounced red shift occurs of the HPP resonance. We notice that the vibrational
feature affects the lineshape of the HPP resonance starting from 3 nm thick CBP layer,
which becomes more prominent at 10 nm layer thick. These effects are supported with
the optical simulations as shown in Fig. 6.1b.

In the near-field experiment they performed real-space nanoimaging of these hybrid
modes (HPPs with molecular vibrations).134 They observed a clear anticrossing of the
phonon polaritons’ dispersion (Fig. 6.2c) by showing a distortion (significant decrease in
signal amplitude) in the experimentally dispersion curves of the hBN HPPs at the fre-
quencies of the CBP vibrational resonances (Fig. 6.2b). Also, we notice an evident loss
in the propagation length (i.e. from 2 to 0.5 µm at 1510 cm−1 as shown in Fig. 6.2d-e)
of the polaritons at the vibrational modes’ frequencies of the CBP molecules (see Fig.
6.2b). On the contrary, in Fig. 6.2f-h we notice an unperturbed dispersion and propaga-
tion length of the HPPs. In this work, unstructured layers of hBN were used to avoid any
additional losses from sample deterioration, such as inhomogeneities and scattering caused
by nanopatterning process, in contrast to the previously mentioned far-field experiment.4

Even though these two main experiments described above were performed to investigate
spectroscopically this vibrational strong coupling with far-field and near-field interferome-
try at the mid-infrared range, the electrical detection of this light-matter interaction has
remained unexplored. It is worth mentioning that these experiments required an external
detector (MCT) for the identification of this coupling. Moreover, the near-field experiment
required a sophisticated equipment vibration free and even the molecules needed to be be-
low the hBN flakes since the scanning tip removed these molecular layers. The far-field
experiment on the other hand, required large area array (20×20 µm2) to obtain a decent
signal in the optical detector, which avoids miniaturizing the sensitive area. These above
mentioned reasons prevent the development of an on-chip platform for non-destructive
and label free ultrasensitive molecular spectroscopy.
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Fig. 6.1: Infrared transmission spectra of hBN nanoribbons as a function of the CBP layer
thickness. a) Experimental transmission spectra of the hBN nanoribbons. The black curve rep-
resents the spectrum of bare hBN nanoribbons. For illustration, this curve is also shown in gray
curves shifted in frequency (ω) as a background in the spectra of the nanoribbons coated with
CBP. From the red to blue curves depict the spectra of the hBN nanoribbons coated with different
CBP thickness. The brown curves in the upper area of the figure show the spectra of two CBP
thicknesses (100 and 20 nm) on the bare substrate. The nanoribbon array area is 20×20 µm2

with a period of 400 nm and ribbon with of 158 nm. b) Theoretical transmission spectra with
the same color notation as in a. The nanoribbon period is 400 nm and ribbon width of 167 nm.
Figure adapted from ref. 4

The photodetection mechanism of our novel sensing platform is based on the PTE effect
as described in previous chapters 3-5, where the pn-junction is created by the split gate
that simultaneously launches the hBN HPPs that are guided and constructively interfered
at this junction (see Fig. 6.3a and 6.4c). Graphene will absorb these ray-like polaritons
and produce hot carriers that will drive a temperature gradient across the graphene chan-
nel and hence a photovoltage. Since the hBN HPPs field penetrate the CBP molecules
and the vibrational modes of them oscillate in the upper RB, there will be a strong light
matter interaction between these resonances that takes place in the vicinity of graphene.
Thus, graphene will act as a sensor of this strong interactions and will affect its absorption
and thereby its photocurrent signal. As a result, we will electrically detect these molecular
vibrational modes interactions with hBN HPPs.
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a)

b) c) d)

e) f) g)

Fig. 6.2: Near-field (nano-FTIR) experiment of hBN HPPs coupled to molecular vibrations.
a) Simulated cross section of the electric field (z-component). The field outside the hBN layer
corresponds to the fundamental mode. The zigzag pattern inside the hBN layer on other hand,
corresponds to higher order modes. b) Dielectric function (imaginary part) of the CBP molecules.
c) and f) Fourier transform of the nano-FTIR amplitude signal along the scanning direction of the
tip. The fundamental mode excited by the flake edge (labeled as E) or tip (labeled as T). d) and
g) Isolated tip scattered field of the fundamental mode. e) and h) Theoretical propagation length
of the mentioned mode. In Figs. a-e the hBN and CBP thicknesses are 50 and 40 nm respectively
on top of a 150 nm SiO2 on Si. Figs. f-h the hBN thickness is 50 nm on top of a 150 nm SiO2

on Si. Figure adapted from ref. 134
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6.2 Device fabrication and working principle
We have fabricated two devices with very similar characteristics that are resumed in Table
6.1. The first step is to pattern and evaporate the local gates that are shown in Fig. 6.3a.
These sharp edges around the gap of the gates will launch efficiently the hBN HPPs as
shown in Fig. 6.4c and as previously discussed in Chapter 4. Later, we perform a 2D
heterostructure assembly with thin hBN layers encapsulating graphene. This 2D stack we
drop on top of the local gates following the procedure described in Chapter 2. Subse-
quently, we shape graphene by using EBL for patterning a PMMA etching mask. We use
SF6 gas to selectively etch the top hBN, avoiding thus to reach the local gate level that
can cause an electrical leak. This is followed by an etching step for graphene using O2 gas.
Finally, we pattern the 1D contact between metal and graphene using EBL and perform
the same etching procedure mentioned above. We evaporate thermally the Cr/Au contacts
and lift off in acetone as described in previous Chapters and in ref. 34. The overview of
the fabricated devices is depicted in Fig. 6.3b,c.

At the end of the fabrication, we perform a so called brooming step, which consists on
removing the lithographic residues (e.g. PMMA residues) using an AFM tip in contact
mode. By applying the force on the tip sufficiently enough to remove the residues and
push them to the end of the scan region (in this case towards the contacts as shown in Fig.
6.3c marked in red arrows), we clear the active area of the detector that is located at the
pn-junction interface (around the gap of the gates). This procedure guarantee that the
evaporated molecules will be as close as possible to the top hBN and graphene to ensure
the light-matter interaction.

Regarding the evaporation of the molecular layers of 4,4’-bis(N-carbazolyl)-1,1’-biphenyl
(CBP) with sublimated quality (99.9% from Sigma-Aldrich), it is done via thermal evap-
oration in an ultra-high-vacuum evaporator chamber (base pressure of <10−9 mbar) at a
rate of 0.1 nm/s using a Knudsen cell. We select the CBP molecules due to their vibra-
tional modes spectrally located within the hBN reststrahlen band.

The 2 devices are listed in Table 6.1 with their respective characteristics such as hBN
thicknesses and SD distance. In this chapter, we report mainly the results of device 1
that we evaporate the CBP molecules on top of it. For device 2 we report mainly the
photocurrent characterization as shown in Fig. 6.6a-b.

Sample Top hBN Bottom hBN Source-drain Substrate
thickness (nm) thickness (nm) distance (µm)

Device 1 3 4.5 3.4 SiO2

Device 2 3.8 10.5 3.4 SiO2

Table 6.1: Characteristics of the fabricated devices.

We perform optical simulations of the device in COMSOL in collaboration with Luis
Martín-Moreno group from University of Zaragoza. In Fig. 6.4a we show the simulated
graphene absorption normalized to its maximum value, which is around 1405 cm−1 in the
upper RB for the case of 10 nm thick CBP layer on top of the device and the one with-
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Fig. 6.3: Devices outlook. a) SEM picture of the fabricated local gates. b) and d) depict the
optical figures of device 1 and 2. c) AFM scan of device 1 after brooming its surface. The red
arrows indicate the broomed lithographic residues that agglomerates near the metallic electrodes
by this AFM tip assisted process.

out CBP. The absorption is calculated at the graphene plane and we consider the whole
photodetector structure (gates, contacts, hBN layers, etc.). We observe a decrease in the
graphene absorption due to the presence of the CBP 10 nm layer at its vibrational modes
frequencies (see Fig. 6.4b, which has the same frequency scale as Fig. 6.4a) that will be
explained in section 6.3.2. The vertical dashed lines correspond to the frequencies that
the electric field cross sections are shown.

For the first case at 1405 cm−1, we observe the hBN HPPs being launched at the edges
of the gates that propagate across the hBN slab and also the field penetrates the CBP
layer as depicted in Fig. 6.4c. In contrast, for the electric field cross section at 1448 cm−1
shown in Fig. 6.4d corresponding to one of the vibrational modes of the CBP, we notice
that the propagating behavior of the HPP is not longer observed but rather a strong field
concentration in both CBP and hBN slab near the gap of the gates. Moreover, there are
two additional peaks outside the upper RB of hBN observed in the absorption spectrum
at 1300 and 1712 cm−1. The former one corresponds to the absorption enhancement
produced by the SiO2 phonon polariton as described in chapter 4. The electric field cross
section of the latter one at 1712 cm−1 is depicted in 6.4e, which is ascribed to the metallic
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6.2 Device fabrication and working principle

gates that show the antenna resonance at this wavenumber.
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Fig. 6.4: Optical simulations of the device structure. a) Graphene absorption spectrum normal-
ized to its maximum value for the cases with 10 nm thick CBP molecules (red curve) and without
them (blue curve). The absorption is calculated at the graphene plane and including the whole
photodetector structure (gates, contacts, hBN, etc.). The hBN upper RB is highlighted in light
green. b) CBP absorption spectrum normalized to its maximum value. The dashed vertical lines
correspond to the selected frequencies (ω) for the electric field (normalized to the incident field)
profiles depicted in c) at 1405 cm−1 (7.1 µm), d) at 1448 cm−1 (6.9 µm) and e) at 1712 cm−1

(5.8 µm). The white scale bar corresponds to 200 nm. Both graphs share the colorbar.
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6 Electrical detection of molecular vibrations coupled to hyperbolic phonon polaritons

Fig. 6.5: Schematic of the FTIR setup. In this case, we show the configuration of the transmission
measurements performed using the CBP molecules deposited on the CaF2 window and as the
detector we use device 1 instead of a commercial MCT. The mid-IR light is focused using a
parabolic mirror.

6.3 mid-IR/LWIR and FTIR setup
For device 1 we use the nano-FTIR module of the s-SNOM setup but without the tip
to focus the light as shown in Fig. 6.5. We use it initially for sample location pur-
poses. The source is based on a p-polarized broadband mid-infrared light produced by a
supercontinuum laser (Femtofiber pro IR and SCIR from Toptica) with average power of
0.5 mW and frequency range spanning from 1200 to 1700 cm−1 (from 5.8 to 8.3 µm).
The spectral resolution was set to 6.25 cm−1, which is the setup limit resolution. For the
characterization of the photoresponse of device 2, we use the setup described in Chapter 6.

6.3.1 Photocurrent measurements and device responsivity
For the investigating the photoresponse of these devices, we first measure the device 2
using the mid-IR/LWIR setup described above. We perform a scanning photocurrent map
across the device area under zero-bias graphene channel condition and set the laser wave-
length to 7.9 µm as shown in Fig. 6.6a. We apply 3.5 V (0.1 eV) to the left gate (GL)
and 0.7 V (-0.22 eV) to the right gate (GR), which corresponds to n-type and p-type
doping respectively for each gated region (CNP gate value is around 3 V). As a result, a
graphene pn-junction is formed that produces the photoresponse driven by the PTE effect
as shown in previous chapters 3-5. We typically obtain a beam fwhm close to the incident
wavelength (e.g. 10 µm for a λ = 7.9 µm).

We locate at maximum signal that corresponds to the pn-junction interface with the
motorized stages as explained in the previous chapters. Here, we acquire the responsivity
as a function of the incident wavelength as depicted in Fig. 6.6b. We observe relatively
high responsivity values (above 10 µA/W) at the upper (∼ 6-7 µm or 1660-1370 cm−1)
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Fig. 6.6: Photoresponse of devices 1 and 2. a) Scanning photocurrent map of device 2 under
incident light wavelength of λ = 7.9 µm. b) Responsivity spectrum of device 2. c) Photocurrent
spectrum of device 1 measured in the FTIR setup for the cases of with and without the CBP
molecules on top of the hBN.

and lower (∼ 12-13 µm or 830-770 cm−1) reststrahlen bands (RBs), which is ascribed
to the enhanced photoresponse due to HPPs contribution in graphene absorption as de-
scribed in Chapter 4. We also notice at 8-9 µm an increased photoresponse due to the
SiO2 phonon polaritons as also described in Chapter 4. The rest of the spectrum show
low responsivity values, in particular at the TO phonons spectral regions.

Later, we measure device 1 using the nano-FTIR setup for the cases of the device cov-
ered with 100 nm thick layer of CBP molecules and without them as shown in Fig. 6.6c.
We observe a higher photocurrent values at the upper RB range that is highlighted in light
blue, which is in agreement with the responsivity spectrum mentioned above. We notice
a pronounced decrease of the photocurrent at this upper RB wavenumber range when the
100 nm thick CBP molecules are deposited. This effect will be discussed further in the
following sections.

6.3.2 CBP molecules effect on the photocurrent
We initially perform photocurrent measurements using the FTIR setup previously described
and we use as a detector the device 1 instead of a commercial MCT as shown in the
schematic in Fig. 6.5. We add in the optical path a CaF2 window with different thick-
nesses of the CBP molecules as shown in the shared legend in Fig. 6.7. Thus, this
experiment focuses on the far-field light-matter interactions occurring at distances > 2λ.
In Fig. 6.7a it is exhibited the photocurrent for several thickness of the CBP molecules
normalized to the photocurrent with the bare CaF2 window. We observe that the nor-
malized photocurrent spectrum remains with a negligible SNR until a thickness of 20 nm,
where we notice 3 main dips highlighted in dashed lines corresponding to the vibrational
modes of the CBP molecules as explained in section 6.1. At higher thicknesses these dips
become more prominent except the middle one (at 1480 cm−1) that is barely visible. We
point out that in this case, the dips in photocurrent are ascribed to a lower tranmission
at these particular frequencies due to the absorption of the vibrational modes of the CBP
layers. It is worth mentioning that we artificially shift the amplitude of the normalized
photocurrent for clarity.
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6 Electrical detection of molecular vibrations coupled to hyperbolic phonon polaritons

In contrast, for the case when the CBP molecules are directly evaporated on top of the
device, we notice a different behavior as shown in Fig. 6.7b. We label this experiment
as near-field since the light-matter interactions occur at distances < than the incident λ.
The normalized spectrum shows the 3 dips corresponding to these vibrational modes of the
CBP molecules even at the thinnest thickness evaporated (10 nm) of the CBP molecules.
For larger thicknesses the dips become significantly more prominent with a high SNR. In
general, we notice that the SNR or extinction of the features in the spectra are more
prominent in the near-field case compared to the previous one. The fact that we observe
these dips in photocurrent, means that the lineshape of the HPPs resonances are being
modified due to its strong interaction with the CBP vibrational modes. Moreover, the dis-
persion of the hBN HPPs changes with the modification of the dielectric environment134.
We point out that besides these 3 dips there’s an additional dip appearing around 1410
cm−1, which is not present in the previous far-field experiment. This dip is ascribed to the
dielectric loading produced by the CBP refractive index on the hBN and metal dielectric
environment, which will be discussed further in the following paragraphs.

The theoretical simulations of the absorption in graphene for the cases with a certain
thickness of CBP molecules and without them are depicted in Fig. 6.7c. We observe a
quite similar trend as the experimental results with the corresponding 3 dips in the nor-
malized absorption and also the additional dip at 1410 cm−1 due to the dielectric loading.
As mentioned in other chapters 4-5 the photocurrent is proportional to the graphene ab-
sorption.
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Fig. 6.7: Normalized photocurrent spectra of device 1 for several CBP layer thickness. a)
Photocurrent spectra with a CaF2 window in the optical path as shown in Fig. 6.5 for several
CBP layer thickness (see top inset), normalized to the photocurrent without any CBP layer (just
the bare CaF2 window). The legend of CBP layer thickness is shared among all the figures. b)
Photocurrent spectra for several CBP thickness on top of the device normalized to the photocurrent
without CBP molecules. The schematic inset shows the device geometry cross section with the
CBP molecules. c) Optical simulations of the absorption spectra of graphene on the device with
several CBP thicknesses normalized to the absorption without CBP molecules.
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6 Electrical detection of molecular vibrations coupled to hyperbolic phonon polaritons

6.3.3 Dielectric loading effect
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Fig. 6.8: Simulations of the graphene absorption for several CBP thicknesses normalized to the
one without CBP. The dielectric permittivity of the CBP is considered as wavelength independent
with a fixed value of 2.8.

We run an optical simulation to calculate the graphene absorption on the device for
several thickness of CBP layers and without them as shown in Fig. 6.8. We consider a
wavelength independent dielectric permittivity of the CBP layers (ε = 2.8), neglecting the
vibrational modes of the CBP. We observe on the normalized graphene absorption that
the main feature correspond to a dip around at 1410 cm−1 that becomes more prominent
at thicker CBP thicknesses. This is ascribed to the fact that at thicker CBP layers, more
electric field produced by hBN HPPs and metal can penetrate this dielectric material.134
These simulations are in excellent agreement with the experimental behavior that we ob-
serve and gives support to the dielectric loading effect as a near-field contribution of the
CBP molecules to the photocurrent and graphene absorption.

6.4 Conclusions
In conclusion, we have demonstrated a platform for electrical detection of molecular vibra-
tions that are coupled to hyperbolic phonon polaritons in hBN. This interaction is detected
by a graphene pn-junction located at the vicinity of the hBN-CBP molecules stack. We use
our photodetector to acquire the interaction with CBP molecules in far and near-field mea-
surements, obtaining clear differences between them. Moreover, our simulations strongly
support the experimental results with excellent agreement. This study gives insights for
the development of a highly compact detector, where the optical and electrical readout is
integrated in one single device that would have strong impact in the field of ultrasensitive
molecular spectroscopy.
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In this thesis we have shown a remarked advance of optoelectronic graphene devices for
the non-well explored range of mid, long-wave and far-infrared (terahertz). Especially, we
have shown photodetectors at this wavelength regime that outperform the state-of-the-art
graphene photodetectors and commercially available technology. These results serve as a
guidance for building the new generation of infrared cameras, ultracompact spectrometers,
gas sensors and more optoelectronic devices.

In chapter 2, we have described the state-of-the-art techniques for assembly of 2D layers,
the fabrication of one-dimensional contact between a metallic electrode and graphene and
also the fabrication of metallic nanostructures that are involved in these optoelectronic
devices. We explained the different techniques that we used to measure the electronic
properties and the photoresponse of these devices. Additionally, we illustrated some of the
photodetectors figures of merit for proper comparison with commercial technology.

We have successfully integrated an antenna with a graphene pn-junction for highly sen-
sitive and fast THz detection in this regime as described in chapter 3. This novel terahertz
detector exploits efficiently the PTE effect, based on a design that employs a dual-gated,
dipolar antenna with a nanogap (around 100 nm). The narrow-gap antenna simultaneously
creates a pn-junction in the graphene channel, which is located just above the antenna and
strongly concentrates the incident THz light at this pn-junction, where the photoresponse
is created. We have demonstrated that this novel detector leads to an excellent sensitiv-
ity, with a noise-equivalent power of 80 pW/

√
Hz at room temperature, a response time

below 30 ns (setup-limited), a wide dynamic range (linear power dependence over more
than 3 orders of magnitude) and broadband operation range (measured at 1.8–4.2 THz,
antenna-limited), which fulfills a combination of figure-of-merits that is currently missing
in the state-of-the-art detectors, even after 2 years of publishing the work135. Impor-
tantly, on the basis of the agreement we obtained between experiment, analytical model,
and numerical simulations, we have reached a solid understanding of how the PTE effect
gives rise to a THz-induced photoresponse, which enables a further detector optimization.
The outlook of this work consists on optimizing the antenna, in order to obtain a higher
absorption in graphene and hence achieving a lower NEP. Moreover, by considering an
even broader band operation antenna (e.g. log-periodic), the detector will be sensitive for
a broader range of THz frequencies. The sensitivity can be further improved by having
a lower thermal conductivity. This could be achieved by using alternative encapsulation
materials, rather than hBN (e.g. a transition metal dichalcogenide (TMD) material) and
by operating at a lower temperature.

In chapter 4 we overcame the main challenge of infrared photodetectors, which is to
funnel the light into a small nanoscale active area and efficiently convert it into an electrical
signal. We achieve this by efficient coupling of a plasmonic antenna to hyperbolic phonon-
polaritons in hBN to highly concentrate mid-infrared light into a graphene pn-junction. We
use a metallic bowtie antenna and H-shape resonant gates that besides concentrating the
light into its nanogap, their plasmonic resonances spectrally overlap within the upper rest-
strahlen band of hBN (6-7 µm), thus launching efficiently these HPPs and guiding them
with constructive interferences towards the photodetector active area. The two different
antennas allow us to have sensitive detection in two incident polarizations. Furthermore,
we tuned the device geometry to balance the interplay of the absorption, electrical and
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thermal conductivity of graphene. This approach yields outstanding device performance
by featuring room temperature high sensitivity (NEP of 82 pW/

√
Hz) and fast rise time of

17 ns (setup-limited), among others, thus obtaining a combination currently not present
in the state-of-the-art graphene and commercially available mid-infrared detectors. We
supported these experimental results by a novel multiphysics model, which includes op-
tical, thermal and electrostatic simulations that show excellent quantitatively agreement.
Consequently, the simulations revealed the different contributions to our photoresponse,
thus paving the way for further improvement of these types of photodetectors even beyond
mid-infrared range. We point out that this concept can be further extended to other wave-
lengths by tuning the antennas and combining with HPPs in other spectral regions of the
mid and long-wave infrared range that are present in other 2D materials such as V2O5

136,
MoO3

120,122, which this latter one presents HPPs also in the THz range137. Additional
tuning and wavelength sensitivity can be accomplished by controlling the hyperbolic ma-
terial’s thickness or shape, thus allowing this type of detector more specific functionalities
such as hyperspectral imaging and spectroscopy.

In chapter 5 we have shown mid and long-wave infrared photocurrent spectroscopy
via electrical detection of graphene plasmons, hyperbolic phonon-polaritons and their hy-
bridized modes. We combined in one single platform the efficiently excited polaritonic
material that also acts as a detector itself. We fabricated 4 devices based on high quality
graphene encapsulated by hexagonal boron nitride (hBN) placed on top of metallic rod
arrays that serve to launch the hBN phonon polaritons and/or graphene plasmons. We also
doped graphene via an electrostatic potential applied between these rods and graphene
separated by a thin hBN layer. By following this approach, we reached high Fermi level
values of the order of 0.4 eV. We performed transmission measurements using FTIR. We
observed graphene plasmons and the hybridized plasmon phonon polaritons that showed a
blue shift when increasing the gate voltage (Fermi level). This confirms the plasmonic be-
haviour of these resonances. Moreover, we observed narrow linewidths of these resonances
that show an extinction value above 10%. Additionally, these metallic gratings form two
independent gates to create a graphene pn-junction. We characterized the photoresponse
that we determined the PTE effect as the dominant mechanism. We performed photocur-
rent spectra in the mid and long-wave infrared range (from λ = 6.6 to 13.6 µm) at different
gate voltages for tuning the graphene Fermi level. We identified peaks in the photocurrent
spectra that evolves and blue shift by increasing the gate voltage. In particular, we ob-
served hybridized plasmon phonon polaritons at the upper and lower reststrahlen bands of
hBN. Also we observed graphene plasmons that are confined between the metal and sepa-
rated by 5 nm of hBN. We have demonstrated the wide tunability of these nanoresonators
by changing several parameters to shift the spectral position of the resonances, such as
hBN thickness, grating period, substrate (SiO2 or CaF2) and graphene Fermi energy. Our
results showed excellent agreement with the simulated absorption spectra and dispersion
relation of these 2D polaritonic modes. Thus, this approach enables an in-situ tunable
platform for spectrally selective detection in this range and has the potential to constitute
high accuracy thermal imaging, compact spectrometers, gas sensors, etc. The future work
of this chapter includes to develop a multiphysics model as explained in chapter 4, so that
we can estimate in a quantitative manner the photoresponse of these devices. Also we will
use this novel platform for gas sensing purposes at this spectral regime.
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7 Conclusions and outlook

Finally, in chapter 6 we investigated the electrical detection of molecular vibrations of
CBP coupled to hyperbolic phonon polartions in hBN. We detected this strong light-matter
interaction via a graphene pn-junction placed at the vicinity of the CBP-hBN stack. The
edges of the gap of the local gates launch efficiently the hBN HPPs that interact with
the CBP molecular resonances that are spectrally located at the upper RB. We studied
this coupling as a function of the CBP thickness and observed a stronger effect for thicker
CBP layers due to the stronger field penetration produced by the HPPs. Additionally, we
compared two type of measurements configurations: 1) a far field configuration where a
CaF2 window is added to the optical path far from the graphene detector and 2) for the
near field case where the CBP molecules are deposited directly on top of the graphene
detector. We observed a significant difference between both experiments, which the near
field showed the highest sensitivity by identifying already the vibrational modes for thin
CBP layers of 10 nm. The theoretical simulations are in excellent agreement with the
experimental results as a function of the CBP thickness. This investigation demonstrates
the development of a highly compact sensor that includes the optical and electrical com-
ponents in one single device. This work paves the way for miniaturizing these sensors since
the active area is quite small allowing ultrasensitive molecular spectroscopy. The future
work will be to show vibrational strong coupling via electrical detection. For this pur-
pose, several devices will be required, which represent a significant effort to demonstrate
it experimentally. Moreover, by enhancing the responsivity of the detector as shown in
the previous chapters, we could probably detect with a high SNR sub-nm layers of CBP.
Another direction would be to detect other type of molecule with the vibrational modes
at different spectral region. Another interesting experiment would be to detect resonances
of vibrational modes of gases, hence we could have a dynamical platform for detection at
this spectral range that could be extended even at THz frequencies137.
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