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Abstract

Since the first experiment performed in 2004 by Andrej Geim et Konstantin Novosëlov,
graphene has been extensively studied in the field of photonics and optoelectronics. Its
extraordinary properties include very high charge carrier mobility and light absorption in a
wide spectrum of wavelengths, including the telecommunication wavelength (1.55 µm).This
properties make this material very appealing for the realization of optoelectronic devices
used in RADAR and telecommunications. Moreover, since graphene can be integrated the
standard silicon technological platform, it has the potential to substitute III-V materials.
The application domain of graphene-based devices and components has considerably grown
during the last years. Nevertheless, since the key parameters impacting the performances
of graphene-based optoelectronic devices are still not properly controlled, the number of
applications at the industrial scale remains very limited.
In this thesis work, optoelectronic mixing, a very used function in RADAR and telecommu-
nication systems, is demonstrated by using graphene-based devices. First, we performed a
statistical study of charge carrier mobility, residual doping and contact resistance. This study
allowed to identify the best technological process and the best characterization methods
(choice of the test devices and of the parameters extraction methods). By using this optimized
procedure, we realized the first demonstration of a high frequency optoelectronic mixer based
on graphene. Then, an in-depth study of several RF devices with different geometries allowed
to identify the best operation conditions and the best design.
Using the designed coplanar waveguides as well as an alternative method relying on high-
frequency based RF transistors, the optoelectronic mixing in graphene has been demonstrated
up to 67 GHz.
The majority of this work has been conducted using statistical methods. To do so, I im-
plemented a automatized experimental set-up which enabled the study of a considerable
number of devices. This approach has proven to be essential for controlling and optimizing
the technological process in the perspective of an industrial development.





Résumé

Depuis les premières expérimentations effectuées en 2004 par Andrej Geim et Konstantin
Novosëlov, le graphène a été largement étudié dans le domaine de la photonique et de
l’optoélectronique. Ses extraordinaires propriétés incluent une très grande mobilité des
porteurs de charge et une absorption large bande y compris à la longueur d’onde typique des
télécommunications (1.55 µm). Ces propriétés rendent ce matériau très prometteur pour les
composants optoélectroniques utilisées dans les RADAR ou pour les télécommunications., En
outre, comme le graphène peut être intégré sur une plateforme silicium.il apparait comme un
potentiel substitut aux matériaux III-V.
Le domaine d’application des composants à base de graphène a considérablement augmenté
au cours de ces dernières années. Néanmoins, comme les paramètres clés impactant les
performances des dispositifs optoélectroniques basé sur le graphène ne sont pas encore bien
contrôlés, le nombre d’implémentations à l’échelle industrielle reste toujours très limité.
Dans ce travail de thèse, le mélange optoélectronique, une fonction très utilisée dans les
systèmes RADAR et de télécommunications, est démontré avec des dispositifs basées sur le
graphène. Dans un premier temps, nous avons effectué une étude statistique de la mobilité
des porteurs de charge, du dopage résiduel et des résistances de contact. Cette étude a permis
d’identifier le meilleur procédé technologique et les meilleures méthodes de caractérisation
(choix des composants de test et des methodes d’extraction des parametres).
En utilisant ce procédé optimisé, nous avons réalisé la première démonstration d’un mélangeur
optoélectronique hyperfréquence basé sur le graphène. Puis, une étude approfondie de
nombreux dispositifs RF avec différentes géométries a permis d’identifier les meilleures
conditions opératives et le meilleur design.
A l’aide de lignes coplanaires mais aussi de transistors hyperfréquence à base de graphène,
nous avons démontré le mélange optoélectronique à des fréquences allant jusqu’à 67 GHz.
Ce travail a été principalement mené en utilisant des méthodes statistiques. A cette fin,
j’ai développé une mesure automatisée qui a permis de mesurer et d’étudier un nombre
considérable de dispositifs. Cette approche s’est avérée essentielle pour contrôler et optimiser
le processus technologique dans la perspective d’un développement industriel.
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Chapter 1

Introduction

1.1 General Introduction

Fig. 1.1 Artistic view (taken from [1]) of a graphene monolayer. In the inset, the band
structure of graphene in the Brillouin zone (image adopted from [2])

.

In 1947, the theoretical physicist Philip Russell Wallace described for the first time the
electronic band structure of a single monoatomic layer of graphite [10]. In 1986, this atomi-
cally thin layer was named graphene for the first time by Hanns-Peter Boehm et al.[11]. In
2004, an ultrathin epitaxial graphite composed by three-layer graphene, showing a remarkable
2D electron gas behavior, was described [12]. In the same year, i.e. about 60 years later from
its band structure calculation, the graphene has been isolated for the first time by Andrej
Gejm and Konstantin Novosëlov using mechanical exfoliation[13]. A. Gejm and K. Novosëlov
received the Nobel Prize in Physics in 2010 "for groundbreaking experiments regarding the
two-dimensional material graphene".
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Since that moment, this material has been extensively studied from both fundamental and
applied standpoints.

In this thesis work, the extraordinary electronic and optical properties of graphene [2, 14]
have been investigated and exploited to demonstrate applications in the field of high fre-
quency optoelectronics. In particular, the use of graphene as active material to implement fast
photodetectors will is investigated. We show that fast graphene photodetectors are suitable
for implementing optoelectronic mixing (OEM), a function which is particularly demanded
in telecommunications and radar systems. This thesis includes 5 Chapters organized as follows:

This first Chapter describes the electrical and optical properties of graphene. We present
the theory of electronic transport in graphene and the principal photocurrent generation
mechanisms involved in biased graphene.

The second Chapter is dedicated to the description of the experimental methods. Us-
ing graphene grown by chemical vapor deposition (CVD), DC and RF devices have been
fabricated. We present the different fabrication steps and then the characterization techniques
used to measure these devices.

In the third Chapter, the quality of several samples processed using different technological
steps is evaluated. The evaluation has been conducted by comparing the performances of
the DC devices fabricated on each sample. Three relevant parameters have been taken into
account in order to evaluate the devices performances: residual charge carrier density, charge
carriers mobility and contact resistance. Then, an analysis of the impact of mobility and
contact resistance on the photocurrent generation is performed.
The study presented in this Chapter served to identify an optimized technological process,
which has been consequently used to fabricate a 2-inch sample containing both RF and DC
devices. The measurement of the DC devices contained in this sample constitues the last
part of the Chapter.

The fourth Chapter concerns the presentation of the RF devices used to demonstrate OEM
in graphene. It starts with an introduction to OEM (basic principle and state of the art)
and an overview of the state of the art of graphene-based photodetectors. Then, it presents
the characterization of photodetectors and optoelectronic mixers contained in the 2-inch
sample introduced in Chapter 3. At the end of the Chapter, a very high performance device
fabricated in collaboration with the Ecole Normale Superieure is presented. It is based on a
very high carrier mobility graphene flake encapsulated in hexagonal boron nitride.
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Chapter 5 contains the study of optoelectronic mixing using a high-frequency graphene-based
transistor fabricated at IEMN in Lille. The measurement of the devices allowed us to identify
the working principle of a graphene transistor used as an optoelectronic mixer.

A large part of the experiments has been performed using a statistical approach. In particular,
in Chapter two, more than 500 devices have been characterized to extract the relevant
parameters. Experiments in Chapter 4 are also supported by the measurement of 52 RF
devices.

The statistical approach has required an effort in the automation of the optoelectronic
experimental set-up, which has been an integral part of this thesis, and has been necessary
in order to obtain reliable results in a reasonable amount of time. As we observed a large
dispersion in the electrical measurements, this peculiar approach is, in our opinion, essential
to accurately compare different devices and also to evaluate a technological process for an
industrial application.

1.2 Electronic and optical properties of graphene

1.2.1 Electronic band structure

Graphene is an allotrope form of carbon. It consists of a monoatomic layer of carbon atoms
organized in an honeycomb structure, as shown in figure 1.1. This structure is at the basis of
the extraordinary properties of graphene. In particular, the peculiar electronic and optical
properties of graphene come from its electronic band structure, which calculation is present
in many references [2]. In the following, the important results are presented.

The Bravais lattice of graphene can be described as the combination of two triangular

(a) (b)

Fig. 1.2 a) Graphene lattice, composed by two triangular sub lattices, indicated in blue and
yellow. b) Brillouin zone of the reciprocal lattice. Images taken from [2]
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sub-lattices, which are indicated in blue and yellow in figure 1.2a. The unit cell is composed
by two atoms (one for each sub-lattice). The two lattice basis are described by the vectors:

a⃗1 = a

2(3,
√

3) a⃗2 = a

2(3, −
√

3) (1.1)

where a = 1.42Å is the distance between the nearest-neighbors carbon atoms. The reciprocal
lattice vectors are so given by:

b⃗1 = 2π

3a
(1,

√
3) b⃗2 = 2π

3a
(1, −

√
3) (1.2)

which define the Brillouin zone, depicted in figure 1.2b. In order to compute the band
structure of graphene, a tight-binding approximation is sufficient [2], taking into account
the hoping of electrons between the nearest-neighbor and next-nearest-neighbor atoms. The
solution of the tight-binding Hamiltonian gives the following energy relation for electrons in
the π bands in the reciprocal space [10]:

E±(k) = ±t
√

3 + f(k) − t′f(k) (1.3)

with
f(k) = 2cos(

√
3kya) + 4cos(

√
3
2kya)cos(3

2kxa) (1.4)

t and t’ being the hoping energies for the nearest-neighbor and the next-nearest-neighbor
site, and kx, ky the reciprocal space vectors. The plus sign in equation 1.3 refers to the upper
(conduction) band and the minus to the lower (valence) band.
The energy dispersion profile described by equation 1.3 is depicted in the inset of figure
1.1. There are two coordinates in the Brillouin zone (K and K’ in figure 1.2b) at which the
conduction and valence band touch each other. These two points are also called Dirac points.
By developing equation 1.3 around the the K points, one finds:

E±(k) = ±~vf |k| + O(( k

K
)2) (1.5)

being vf = 3ta
2~ = 106m/s the Fermi velocity. This equation shows that electrons and

holes have a linear dispersion relation near the K points. This relation, that is unusual in
semiconductors (which generally have a quadratic dispersion) is very similar to the energy
dispersion relation of photons:

E = ~ck (1.6)

where c is the speed of light. Fermions exhibiting this linear dispersion are called Dirac
fermions, since they are described by the Dirac equation, and behave as massless relativistic
particles.
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1.2.2 Graphene-based field effect transistors

1.2.2.1 Carriers statistics

Since graphene is a monoatomic layer, the computation of carrier statistics is done by
considering the general formulas used for a two-dimensional electron gas. By doing so, The
density of states in graphene at a specific energy E is given by [15]:

gg2D = 2|E|
π~2v2

f

(1.7)

Which is computed by taking into account the valley and spin degeneracy, and using the
dispersion relation given in equation 1.5. The electrons density per unit area is then given by:

ne =
∫ +∞

0
gg2D(EF )fF D(E − EF )dE (1.8)

while the holes density is:

nh =
∫ 0

−∞
gg2D(EF )[1 − fF D(E − EF )]dE (1.9)

Where EF is the Fermi energy level and fF D the Fermi-Dirac distribution. The total charge
carriers density n is given by the sum of ne and nh, and does not have a closed formula. For
EF ≫ kBT (kB being the Boltzmann constant and T the temperature) the expression of n
becomes [15]:

n = E2
F

π~2v2
f

(1.10)

1.2.2.2 Electrostatics and electronic transport in graphene-based transistors

Figure 1.3a shows a schematic representation of a graphene-based transistor. The structure
is composed by a graphene film which is transferred on a substrate and contacted by two
electrodes (source and drain). Moreover, an insulating layer separates the graphene layer
from a third electrode (gate). The application of a voltage potential between the gate and the
graphene channel modifies the Fermi energy in graphene. This is the well known field effect,
which is exploited in semiconductors in order to operate transistors. However the transistors
based on this material show some peculiar properties which are not present in transistors
based on ordinary semiconductors. Since this basic structure will be used throughout this
work, a brief description is given in this section, following ref [15].
Considering the capacitor formed by the metal-insulator-graphene stack depicted in figure

1.3b, the electrochemical potential at the metal and at the graphene can be respectively
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(a)

(b)

Fig. 1.3 a) Graphene field effect transistor. b) Band diagram of a metal-insulator-Graphene
stack

written as [15]:

Ψm = −eφm − Wm (1.11a)

Ψg = −eφg + EF − χg (1.11b)

(1.11c)

φm and φg being respectively the metal and graphene electrostatic potentials, χg the graphene
electron affinity, Wm the metal work function and EF the graphene chemical potential with
respect to the charge neutrality point (CNP), this last defined as ENP = −eφg − χg. When
a voltage VG is applied between the metal and the graphene channel, this sets the total
electrochemical potential, which then becomes:

eVG = Ψg − Ψm = EF + e(φm − φg) (1.12)

In the formula, for sake of simplicity, we consider Wm ≈ χg. The second term in equation
1.12 refers to the electrostatic potential, which corresponds to an electric field in the oxide
layer, as in a common parallel plate capacitor:

φm − φg = Eoxtox = en

Cox
(1.13)

where Cox = ϵoxϵ0
tox

(being ϵ0 and ϵox, respectively, the vacuum permittivity and the relative
permittivity of the material acting as insulating layer, and tox the thickness of the insulating
layer). So, equation 1.12 can be rewritten as:

eVG = EF + e2n

Cox
(1.14)
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Very close to the Dirac Point, the term EF is not negligible (quantum capacitance regime
[16]). For eVG ≫ EF , the carrier density can be calculated from VG within the parallel
capacitor approximation, by neglecting EF .

n(VG) = CoxVG

e
(1.15)

A more realistic formula to obtain the charge carrier density n from the applied gate voltage
VG takes into account also the residual charge carrier density n0:

ntot =
√

n2(VG) + n2
0 (1.16)

n0 is the minimal charge carrier density achievable and is an effective quantity which takes
into account the residual charge in the oxide, at the graphene/oxide interface, and disorder
induced charge density. The modulation of n by means of a gate voltage is referred to as
electrostatic doping. Typically, the free carriers density can be tuned from 1011 up to 1013

cm−2 by applying a gate voltage that moves the Fermi level from 10 to 400 meV away from
the Dirac point. Moreover, thanks to its gapless nature, the channel of a graphene transistor
exhibits ambipolar conduction. This means that the charge carriers can be either electrons or
holes, depending on the gate-channel bias. The typical resistivity curve as a function of the
applied gate voltage is shown in figure 1.4.

Fig. 1.4 Resistance vs gate voltage in a graphene field effect transistor. Taken from [2]
.
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At a given charge carrier density, the channel sheet conductivity in the diffusive regime
can be calculated as:

σ = neµ (1.17)

where µ is the charge carriers mobility, which is normally expressed in cm2V −1s−1. By
referring to figure 1.3a, the total measured resistance between the source and the drain
contacts comprises a resistance due to the metal/graphene contacts (contact resistance), and
the graphene channel resistance.
Mobility, contact resistance and residual doping are the figure of merit that will be taken
into account to benchmark the quality of the fabricated devices.

1.2.3 Photocurrent generation mechanisms in biased graphene

Nair et al. [17] calculated in 2008 the absorption of light by a two-dimensional Dirac fermions
gas, by using the Fermi’s golden rule. They showed that this quantity is solely defined by the
fine structure constant α = 1/4πϵ0e2

~c :

Ag = απ ≃ 0.023 (1.18)

This value is relatively high if one considers that the absorption takes place in a monoatomic
film. Thanks to the absence of a bandgap, and since the dispersion relation in graphene
remains quasi-linear up to at least 0.5 eV [18, 19], this formula is valid for a very wide optical
spectrum, which includes UV, visible and infrared wavelengths [17].
The absorbed light can be converted in an electrical current, and this allows the use of
graphene as an active material to build photodetectors. The conversion of the absorbed light
in an electrical signal can be enabled by different physical mechanisms which can take place
in graphene. Among them two mechanisms are dominant in biased graphene1. These two
mechanisms are the ones of interest in this work, and are briefly presented in the following.
Let’s consider the structure in figure 1.5 which is very similar to the one presented in paragraph
1.2.2.2: a graphene layer is transferred on an insulating layer, supported by a conducting
substrate, and then it is contacted by two electrodes. In this case, the conducting substrate
can be used as a back-gate. An experimental evidence of the photocurrent generation
dependence on electrostatic doping has been shown by Freitag et al. [3]. A light beam was
focused on a graphene channel, as shown in figure 1.5. A voltage was applied between the two
contacts, and the generated photocurrent was measured. Figure 1.6a shows the magnitude
of the photocurrent with respect to the voltage applied along the graphene channel. The
measurement was performed at high and low electrostatic doping, by changing the back-gate
voltage. In both cases, the photocurrent has a linear dependence on the bias voltage. This
suggests that light changes the conductivity of the graphene layer in both cases. However,

1"biased graphene" refers to a graphene channel submitted to an electric field
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Fig. 1.5 Graphene field effect transistor in back-gate configuration. A light beam that is
shined on the graphene layer generates a photocurrent between the source and drain contacts

.

the photocurrent sign is different in the two regimes. This is even more clear in figure 1.6b,
where the photocurrent is plotted with respect to the back-gate voltage. At low elctrostatic
doping, the photocurrent has the same sign of the current flowing in the graphene channel
due to the applied voltage VDS . For this doping level, the carrier concentration n rises up to
n+n*. This increases the conductivity σ from neµ to (n + n∗)eµ [3]. We will refer to this
regime as photoconductive regime.
At high electrostatic doping, the dominant physical mechanism enabling photodetection
is the bolometric effect [20, 3]: the power of the electromagnetic radiation incident to the
graphene channel generates heating, which changes the transport conductance. In particular,
the increase in carrier temperature induces a decrease of carriers mobility [3]. We will refer
to this regime as bolometric regime.
These two mechanisms will be used to demonstrate high frequency photodetectors and
optoelectronic mixers.

(a) (b)

Fig. 1.6 a) Generated photocurrent in a graphene monolayer at high (red curve) and low
(blue curve) electrostatic doping, as a function of the source-drain bias. b) Photocurrent
amplitude as a function of the back-gate voltage. Images taken from [3].





Chapter 2

Experimental Methods

A good control of the graphene electrical parameters, such as carrier mobility, contact
resistance and doping, is essential to understand the optoelectronic properties of graphene
devices. This control involves primarily the technological process. In this Chapter, the
fabrication steps for the production of the graphene-based devices are presented, as well as
the devices structure and functionality. A particular emphasis is put on a method developed
in Thales [21], which has the double purpose of protecting graphene during the technological
steps and passivating the fabricated devices. This process stabilizes and improves the electrical
properties of the devices.
The second part of the Chapter is dedicated to the presentation of the experimental setup used
for the characterization of the devices. In particular, a description of the DC measurement
setup is provided, as well as a detailed presentation of the experimental setup for high
frequency optoelectronic measurements.

2.1 Technological Process

2.1.1 Devices overview

During this work, two types of devices have been realized and measured:

1. DC devices. They served to characterize the carrier mobility and contact resis-
tance. Figures 2.1a and 2.1b show the two kinds of DC devices: Hall-bar-like devices
used for four-probe measurement, and TLM (Transfer Length Method) devices. The
experimental setup and the measurement methods are presented in section 2.2.2.

2. RF devices. Figure 2.1c shows the picture of a typical RF device. It consists in
a coplanar waveguide (CPW) in a signal-ground-signal configuration, that embeds a
graphene mono-layer in the middle of the signal line. The description of the experimental
methods used to characterize these devices is described in section 2.2.3.
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(a) four-probe measurement devices

(b) TLM devices

(c) RF devices

Fig. 2.1 Devices Typologies. a) and b) are, respectively, Hall-bar like devices for four-probe
measurement, and TLM structures. c) is a CPW embedding graphene, for RF opto-electronic
measurements

Both typologies of device share the same structural design: a graphene film is transferred on
a Si/SiO2 substrate, patterned and then contacted by metallic contacts. Moreover, a voltage
can be applied between the silicon substrate and the graphene channel, in order to tune
the carrier density by field effect (see Chapter 1). From this common principle, each device
has a particular geometry. The four-probe devices and the TLM structures have been used
to evaluate the contact resistance and the carrier mobility of the graphene samples. In the
RF devices, graphene is embedded in an RF structure (a CPW), which allows to fabricate
devices operating at high frequency.
All the devices share the same fabrication method, which is described in the following section.

2.1.2 Fabrication procedure

The fabrication of the devices follows a technological process flow that consists in several
fabrication steps. Figure 2.4 schematically summarizes the different steps.

a) Graphene growth and transfer The first fabrication step was performed by the
Spanish company Graphenea. Graphene was grown by Chemical Vapour Deposition (CVD)
method [22–24] on copper foils. The procedure to transfer graphene from the copper foil to the
SiO2/Si substrate is schematically showed in figure 2.2a: a PMMA (Poly(methyl methacry-
late)) resist is deposited on the graphene surface. Then the stack Cu/graphene/PMMA
is immersed in a solution that etches the Cu foil, resulting in the PMMA/graphene stack
floating above the solution. Next, the stack is put on a SiO2/Si substrate. Finally, the
PMMA film is dissolved in acetone.
Figure 2.2b shows graphene monolayer transferred by Graphenea on a 4" wafer. Two different
substrates were used in this work. The first is a doped silicon with 300 nm of silicon oxide
on top of it. The second one is a high resistivity (20000 Ωcm) silicon substrate with a 2µm
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silicon oxide on top. In both cases, the silicon dioxide was obtained by thermal oxidation of
the silicon substrate.

(a) Graphene Transfer process flow
(adopted from [24]) (b) Monolayer graphene transfer on a four inch

wafer adopted from [25]

Fig. 2.2 Graphene Transfer

b) Protection layer deposition The second step consists in depositing a 1 nm thick
aluminum layer by evaporation, that is subsequently oxidized in air. This layer insures the
protection of graphene, during the device fabrication in order to minimize the contamination
of the graphene surface[26, 27].

c) Alignement marks deposition Alignment marks are defined by optical or electronic
lithography. The marks are used to align all the other lithographic masks.

d) Graphene etching The graphene channel of each device is defined by oxygen plasma
etching. Figure 2.3 shows the graphene channel (green pattern) for four-probe measurement
devices. As can be noticed, two lithography steps were used to define the graphene channel.
The larger one is the first used, and defines a first rectangle. Then, the final shape of the
channel is obtained by another etching step using the second mask. This 2-step method has
been used since it minimizes the risk of detachment of the graphene channel.

e) Metallic contacts deposition The metallic contacts geometry is then defined by an
optical or electronic lithographic step. The metal is deposited by sputtering or evaporation
methods, followed by lift-off process. Figure 2.3 shows on the left the metallic contact pads
(grey patterns).

f) Passivation The last step consists in the deposition of a layer of aluminum oxide (Al2O3)
by atomic layer deposition (ALD). It consists of sequential alternating pulses of gaseous
chemical precursors which leave, for each gas pulse, no more than one monolayer at the
substrate surface, through a self-limiting process. Thus, this method allows to control the
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Fig. 2.3 Metal and graphene etching levels masks

number of atomic layers that are deposited. This step was carried out by the University of
Cambridge, and then at Thales R&T.
To study the impact of the technological process on the devices electrical performances, we have
fabricated devices with some variants (e.g. thermal anneal) or without protection/passivation
layers.

2.2 Experimental setup

2.2.1 The probe station

The fabricated devices four-probe devices and TLM have been tested using DC electrical
measurement, while CPW have been characterized through high-frequency electrical charac-
terization methods. The common environment on which all these measurements have been
implemented is a probe station Cascade Microtech Summit 12000. This platform has been
integrated with a 1.55 µm optical column, which has been designed as part of this thesis
work, in order to perform optoelectronic measurements on our devices. The main parts of
the probe station are highlighted in figure 2.5:

(A) Chuck, which is the metallic support on which the samples are positioned. The chuck
can be moved in the x,y, and z direction with a micrometric resolution. A BNC port is
electrically connected to the chuck, thus giving the possibility to apply an electrical
voltage.

(B) RF probes for high-frequency measurements of the CPW. The pitch of the probes can
be 100 µm or 250 µm, depending on the devices.

(C) DC multi-probes used to perform DC measurements on four-probe devices.

(D) Single DC probes.
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(a) Graphene Transfer (b) Protection layer deposition

(c) Alignment Marks deposition (d) Graphene etching

(e) Metallic contacts deposition (f) Passivation

Fig. 2.4 Fabrication Process Flow
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(E) Visible optical microscope. This microscope is equipped with a variable 1X/8X zoom,
used during the positioning of the DC and RF probes.

(F) Infrared (1.55 µm) optical column, which has the double purpose of imaging the devices
and focusing a 2 µm diameter laser beam on the devices. Moreover, thanks to three
stepper motors, the laser beam can be displaced in order to perform a scan all over the
graphene channel surface.

The visible microscope and the imaging infrared system for laser focusing are interchangeable.
All DC and RF probes are supported by micropositioners to accurately position them on
the device contact pads. The probes are then connected to various electrical instruments.
The DC probes are connected to Source Measure Units (SMUs) (Keithley 2636), capable of
measuring and sourcing voltages and currents. The RF probes (ACP GSG-100 and GSG-250
from Cascade Microtech) are connected to a Vector Network Analyzer (VNA) (Model Rohde
& Schwarz ZVA67) to probe high-frequency electrical signals. SMUs are also used to add
a DC bias to the RF signals. This is performed thanks to bias tees integrated in the VNA.
The detailed DC and RF optoelectronic setup is discussed in the next sections.

2.2.2 DC measurement methods

As shown in figure 2.6, the total resistance of a graphene device is composed of the graphene
channel resistance and also of two contact resistances that rise from the metal-graphene
contacts. This contribution limits the device performances. In addition to this, contact
resistances affect also the extraction of the carriers mobility, leading to underestimated values.
The fabricated DC devices allowed us to access to these quantities.

Four-probe measurements One way to eliminate the contact resistance from the mea-
surement is the four-probe method. It consists in contacting a material in four points, as
showed in figure 2.7. A current I is imposed between the external contacts A and B, while
zero current is imposed between the internal contacts (C and D). Then, the voltage drop
across the points C and D (VINT = V + − V −) is measured. This voltage drop is only due to
the current imposed by the external contacts and is not affected by the contact resistance.
By knowing the distance l between points C and D, and the channel width W, the square
resistance of the graphene channel without the contribution of the contact resistance can be
simply extracted:

R� = VINT

I

W

l
(2.1)

An extimation of the contact resistance can then be extracted from:

Rcont = Rtot − R�
W

L
(2.2)
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Fig. 2.5 Probe Station. The principal elements constituting the system are indicated with
letters. The blue region highlighted in blue is zoomed in the two figures on the right. The
chunk is the metal plate which supports the samples under test (A). RF, DC multi-probes
and single DC probes are indicated, respectively with the letters B, C and D. The visible
optical microscope is indicated with the letter E and is highlighted in green. The infrared
optical column is in dicated with the letter F and highlighted in orange
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Fig. 2.6 Schematic of the measured resistance on a graphene device. The total resistance is
the series contribution of two contact resistances due to the metal-graphene contacts plus
the graphene channel resistance

.

Where Rtot = VAB/I. It is important to notice that we used non-invasive contacts to probe

Fig. 2.7 four-probe measurement configuration
.

the internal voltage drop (contacts C and D). As highlighted by [28], top contacts modify the
graphene carrier concentration under or close to the contacts. This leads to false measurement
values [29]. The use on non-invasive contacts avoids this effect.

TLM measurements TLM devices are made of a graphene layer contacted by 5 contacts,
as shown in figure 2.8a. The inter-contacts distance varies, so creating 4 channels of different
lengths Li. By placing two tips on two adjacent contacts and applying a source-drain voltage
VSD,i, a current ISD,i flows between the contacts and so the total resistance RT OT (Li) can
be measured:

RT OT (Li) = RChannel(Li) + 2Rc = R�
Li

W
+ 2Rc = VSD,i

ISD,i
(2.3)

The contact resistance as well as the square resistance of graphene is then extracted by fitting
equation 2.3 (figure 2.8b).
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(a) TLM device channel
(b) Curve for the extraction of contact

resistance starting from a TLM measurement

Fig. 2.8 TLM Measurement

Fig. 2.9 Experimental setup for high frequency optoelectronic measurements
.
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2.2.3 High frequency optoelectronic setup and measurement methods

2.2.3.1 High frequency optoelectronic setup

The setup designed for the optoelectronic measurements is schematically shown in figure 2.9.
It is composed by 3 parts:

Fig. 2.10 Particular of the experimental set-up, comprising the VNA, the laser source
(Distributed feedback laser) and the optical IR column

.

1. Optical signal generation: A 1.55 µm wavelength distributed feedback laser (DFB)
laser beam (indicated in figure 2.10) is modulated by a Mach-Zehnder Modulator
(MZM) operating up to 40 GHz. The output of a MZM is then split by means of a
10%/90% coupler. The 10% output is coupled to an optical signal analyzer (OSA) to
monitor the modulation of the laser beam performed by the MZM. The 90% output
is amplified by an Erbium-doped fiber amplifier (EDFA). The output of the EDFA is
then coupled with the second stage. An image of this part of the experimental setup is
shown in figure 2.11.

2. Optical coupling with the sample and imaging: The amplified optical beam is
coupled to the optical column (indicated in figure 2.10), collimated and then focused on
the samples by means of a 20x infinity corrected objective with a working distance of 20
mm and a focal length of 10 mm. Figure 2.12a shows the objective positioned over the
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Fig. 2.11 Particular of the experimental setup, comprising the Mach-Zehnder modulator
that modulates the light coming from the Distributed feedback laser. The 10% of the MZM
optical output is sent to an optical spectrum analyzer, while the other 90% is sent to an
Erbium-doped fiber amplifier before being focused on the device under test.

.

sample. The optical column serves also as imaging system: a 1.55 µm Light-Emitting
Diode (LED) is used to illuminate the samples. the image is then collimated by the
objective and focused by means of a 200 mm lens on the focal plane of an IR camera.
An image of the focused beam on the samples imaged by the IR camera is shown
in figure 2.12b. The laser spot that is focused on the samples can be moved with
submicrometric precision over the samples by means of two stepper-motors that control
the position of the fiber collimator with respect to the principal optical axis.

(a) (b)

Fig. 2.12 a) IR objective positioned over the sample. b) Image of the focused laser beam over
the graphene channel of an RF device
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3. Electrical measurement: The RF samples are contacted by coplanar RF probes (67
GHz) (figure 2.13). The RF probes, as well as the MZM, are connected to a 67 GHz,
four-port Vector Signal Analyzer (VNA). Typically, 3 of the four ports are used in our
measurements. The first and second ports are connected to the graphene CPWs, to
measure the RF response of the devices. The third port is used as a signal generator
and is connected to the MZM RF input, to modulate the power of the optical beam
(see figure 2.10).

Fig. 2.13 RF device contacted by RF probes
.

2.2.3.2 High-frequency optoelectronic measurement methods

To characterize the high-frequency devices we have measured the S-parameters, and performed
photodetection and optoelectronic mixing experiments.

S-Parameters measurement S-parameter measurements where performed on the RF
devices in order to evaluate the electrical performances as a function of frequency. Here, we
present an overview of the S-parameter measurement principle. An exhaustive development
of this technique can be found in [30]. Figure 2.14 represents a 2-port electrical network. The
expressions of the voltage and current waves traveling through the port i (i=[1,2]) have the
general expression:

Vi(z) = V +
i ejβiz + V −

i e−jβiz (2.4a)

Ii(z) = I+
i ejβiz + I−

i e−jβiz = V +
i

Z0i
ejβiz − V −

i

Z0i
e−jβiz (2.4b)

Where V +
i and I+

i are the incident voltage and current waves amplitudes at the port i,
V −

i and I−
i are the reflected voltage and current waves amplitudes at the port i, βi is the

propagation constant and Z0i is the impedance of the transmission line connected to the port
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Fig. 2.14 2-port linear network representation
.

i. This impedance is often equal to 50 Ω, as in our case.
We now define the normalized incident and reflected waves at the port i as:

ai = V +
i√
Z0i

= I+
i

√
Z0i (2.5a)

bi = V −
i√
Z0i

= −I−
i

√
Z0i (2.5b)

The square of these two quantities corresponds, respectively, to the incident and reflected
power waves at the port i. The Scattering matrix is defined starting from 2.5a and 2.5b. For
a 2-port network, in particular, one can write:(

b1

b2

)
=
(

S11 S12

S21 S22

)(
a1

a2

)
(2.6)

A generic element of the S-matrix is then naturally defined as:

Sij = bi

aj

∣∣∣
ak=0 ∀k ̸=j

(2.7)

The measurement of the S-parameters will be used in this work for different purposes that
will be developed case by case in the text.

Photodetection In order to measure the frequency response of the fabricated photodetec-
tors, a MZM is used to modulate an optical beam generated by a 1.55 µm DFB laser. It
has two electrical inputs, one optical input and an optical output. One of the two electrical
input is used to bias the MZM with a DC voltage. The DC bias sets the working point of
the MZM. As shown in figure 2.15, the optical output of the MZM follows a sinusoidal law
as a function of the DC voltage. In the point Vπ/2, one half of the optical input power is
transferred at the output, while in the point Vπ, a very small portion of the optical input is
transferred to the output. When biased at this point, the MZM is operated in the double
sideband-suppressed carrier (DSB-SC) mode [31].
A sinusoidal signal of frequency fMZM is generated from one of the ports of the VNA and

is applied to the RF electrical input of the MZM, which operates in the DSB-SC mode. The
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Fig. 2.15 MZM output power characteristics. In the inset, the optical spectrum of the MZM
output when operated in DSB-SC mode with an electrical input signal fMZM

.

resulting optical spectrum is shown in the inset of figure 2.15. The central peak (in our case
at 1.55 µm) is almost suppressed, and two peaks appear at a frequency offset fMZM from
the optical carrier. The left sideband peak is centered at fleft = f0 − fMZM and the right
sideband peak is centered at fright = f0 + fMZM , where f0 is the optical carrier frequency
(which is the optical frequency of the CW laser being modulated). If the peak at f0 is small
enough, it can be neglected, and the expression of the two-tone optical field at the output of
the MZM can be written as:

Eopt = Eei2πfleftt + Eei2πfrightt (2.8)

The instantaneous power is proportional to the square modulus of the field:

Ptot ∝| Eopt |2= EoptE
∗
opt = Popt + Poptcos(2π(fright − fleft)t) (2.9)

Where Popt = 2E2.
The power Ptot at the output of the MZM in the DSB-SC mode is low. So, an EDFA is
employed to amplify the signal.
The amplified optical signal is then focused on the channel of the graphene coplanar waveguide
(gCPW). The two sides of the device are connected to two ports of the VNA by means of
two RF probes. A DC voltage VDC is applied between the two sides of the gCPW by means
of a SMU that is connected to the VNA ports with a bias tee integrated in the VNA itself.
The light focused on the graphene channel generates a photoresponse signal. This signal is
detected by observing the wave bi at one of the two ports connected to the gCPW.
A photodetector carries out a quadratic detection of the incident optical field, so generating
a current proportional to the instantaneous optical power, which has the expression written
in equation 2.9. Moreover, we can note that (fright − fleft) = 2fMZM . This frequency will
be denoted next in the text as fopt. We can then write the expression of the photocurrent
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generated by an ideal photodetector as:

IP hoto = ηPopt + ηPoptcos(2πfoptt) (2.10)

For a real photodetector, η is frequency dependent. For our gCPW, as shown in Section 4.1,
it depends also on the DC voltage VDC applied between the two sides of the gCPW. By
sweeping the frequency fMZM (and so consequently fopt) and by observing the incoming wave
in the ports connected to the gCPW under test, the frequency response of our device can
be measured. fMZM is generally swept from 1 to 33.5 GHz. Thus, the frequency dependent
photodetection performances of the gCPW can be probed in a range fopt between 2 and 67
GHz.
Photoresponse measurements have been performed even on DC devices, in particular on
four-probe structures. The setup is simpler, and is described in Chapter 5.

Optoelectronic mixing An electronic mixer is a three-port device. Two of the three ports
are input ports. The resulting output in the third port is the mixing product between the
two input signals. An optoelectronic mixer is a similar device. The substantial difference
with an electrical mixer is that one of the two electrical input signals is replaced by an optical
one. This optical signal is modulated, in general, in the microwave range. The modulation
of the optical signal is photodetected by the optoelectronic mixer and then mixed with an
electrical signal injected in the electrical input port of the device. So, the resulting output is
the mixing product between a photodetected signal and an electrical one.
The measurement of an optoelectronic mixer is done with a similar set-up used for the
photodetection measurement. In particular, for the the optical part, a laser beam modulated
at high-frequency (fopt) is focused on the channel of the gCPW, using the same set-up
described in the previous Section (Paragraph 2.2.3.2). But now, instead of just DC biasing
the two sides of the gCPW, we add in one of the two port an electrical signal at frequency fele,
as shown in figure 2.16. The other port of the gCPW is then the output of the optoelectronic
mixer.
At the output, we can measure the up (fopt + fele) or down (|fopt − fele|) converted frequency
resulting from the mixing product. A quantitative description of how this two signals are
obtained after mixing is carried in Section 4.1. For example, if the two signals are sinusoids
at frequency fopt and fele, the typical spectrum at the output port is the one showed in the
inset of figure 2.16, on the right. This spectrum can be obtained by measuring the signal
at the output port of the gCPW connected to a spectrum analyzer. In general, one of the
two inputs is called Local Oscillator (LO), and the other is called RF input. The converted
frequencies fLO − fRF and fLO + fRF are called intermediate frequencies (IF). In this work
we focused on the downconverted frequency. We will consider as LO the optical signal, and as
RF the electrical signal. The power downconversion efficiency of a mixer at the intermediate
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frequency IF=fLO − fRF is:
Peff (IF ) = PIF

PRF
(2.11)

This quantity can be experimentally extracted by measuring the amplitude of the downcon-
verted peak power and dividing it by the electrical power injected in the gCPW. In order to
obtain a frequency dependence of Peff , this procedure has to be done for a sufficient number
of frequencies fIF = fLO − FRF , by sweeping the RF frequency. An accurate calibration of
instruments and cables power losses as a function of the frequency window of interest has to
be carried on. The process of frequency sweeping as well as the power calibration is easily
done thanks to a measurement function implemented in the VNA for the measurement of
mixers.
The four ports of the VNA are independent and can be used to deliver a certain amount

Fig. 2.16 Picture of the gCPW used as a mixer
.

of electrical power ai as well as to measure a wave bi. So, in order to measure the mixer
response at all the frequencies of interest, the port number 3 is set to generate a single
frequency fLO/2. This signal is used to drive the MZM and to generate the LO frequency,
the port number 1 generates an RF wave a1 that is swept between fRF1 and fRF2 and is
delivered to one side of the gCPW, and port number 2 is connected to the other side of the
gCPW and is used to measure the signal b2 between the frequencies fIF1 and fIF2 , where
fIF1 = fLO − fRF2 and fIF2 = fLO − fRF1 . In order to obtain the mixer downconversion
efficiency over the whole IF range, it is sufficient to measure in the VNA the ratio b2

2
a2

1
. To

guarantee an error-free measurement, the VNA internal losses as well as the cables and
probes losses are corrected prior to the measurement through a power correction procedure
[32]. This leads to a more accurate measurement with respect to the one done employing a
signal generator plus a spectrum analyzer.



Chapter 3

Technological process evaluation

As discussed in Chapter 2, two different DC devices (TLM and four-probe) have been designed
in order to evaluate the technological process. This Chapter is dedicated to the presentation
of the experimental results obtained from the measurement of these devices.
The Chapter starts with some considerations on the robustness of the TLM measurement and
the four-probe method for the extraction of contact resistance. Then, two methods for the
extraction of the mobility are discussed and compared. We defined three figures of merit to
evaluate the technological process: carrier mobility, residual doping and contact resistances.
This methodology allowed us to analyze the impact of the technological process on the device
performances. The best technological process was used to fabricate a 2" wafer containing RF
and hundreds of DC devices. Based on these DC devices, we performed a statistical analysis
of the three figures of merit over the whole 2" wafer.
The last part of the Chapter is dedicated to the experimental results obtained by performing
low-frequency optoelectronic measurements on the four-probe devices. These measurements
show the impact of the contact resistance and mobility on the performances of the responsivity
of biased graphene photodetectors.

3.1 Choice of the measurement and parameters extraction
methods

In Chapter 1, we pointed out that the charge carrier mobility in graphene can reach extraor-
dinary high values. This leads to the possibility of fabricating very fast devices. But the
actual value strongly depends on several factors such as the graphene quality, the choice of
the dielectric materials on which the graphene layer is transferred, and the technological
process [33–35]. Moreover, graphene-based devices suffer from a high contact resistance value
[36, 37], that limits both DC and RF performances [38]. Another parameter to be monitored
after device fabrication is the residual doping level of graphene, which importantly influences
the photoresponse (cfr Chapter 1). For these reasons, it is essential to measure the residual
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carrier concentration, the carrier mobility and the contact resistance after device fabrication.
Kim et al. [39] have shown that these parameters can be determined when the graphene
channel is integrated in a dual-gated field effect transistor, assuming a constant carrier
mobility. The top-gate characteristics (with constant back gate and thus constant contact
resistance) can then be fitted to extract the field effect carrier mobility. Then, the back-gate
characteristics allow to determine the contact resistance as a function of the back gate voltage.
However, with the back-gated two-contact RF devices that we use, the back voltage modifies
both channel resistance and the two contact resistances. Thus an accurate extraction of those
three parameters cannot be performed.

For this reason, TLM and four-probe measurements were done. These two measurement
methods are described in Chapter 2. For TLM devices, four consequent channels of different
length are measured, and the contact resistance is extracted from a linear fit of the measured
resistances as a function of the channel length, as described in figure 2.8b. This measurement
supposes that the contact resistance value is identical for each graphene-metal contact of
the four channels. With four-probe measurement, the sum of the two contact resistances
of one single channel is extracted following the formula 2.2. The experimental results and
the discussion on the extraction of the contact resistance and mobility is presented in this
section.

3.1.1 Comparison of the DC methods for contact resistance extraction

TLM measurements Figure 3.1a shows the sequential measurement of the current flowing
on four consequent channels of a TLM structure, as a function of the gate voltage. As can be
seen, the charge neutrality point voltage is not the same for the four channels. In order to
properly extract the contact resistance, the four curves have to be aligned along the charge
neutrality point voltages, which are indicated with red crosses on figure 3.1a. Therefore,
only TLM structures on which the Dirac point voltage is observable on all the four channels
allow to accurately extract the contact resistance of one device. For example, figure 3.1b
shows a measurement on a TLM device in which the channels with length L=20µm and
L=10µm have a high residual doping, and the Dirac point voltage is higher than the limit
of the measurement equipment (200 V). Therefore, this device cannot be used to precisely
determine the contact resistance. This drastically reduces the statistical population: the
square n. 18 of the sample GRF25 (see Appendix B for details) contains 83 devices, but the
measurement of the charge neutrality point voltage of all the four channels was possible only
on 2 devices.
To estimate an average contact resistance among all the TLM structures, we calculated the

average resistance for each channel length of the different TLMs. We first implemented this
method for resistance values measured at the charge neutrality point. The corresponding
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(a) (b)

Fig. 3.1 TLM measurements. a) TLM measurement with measurable Dirac point voltage for
all the four different lengths. b) TLM measurement with measurable Dirac point voltage
only for channel length L= 2,5 µm.

resistances are shown in in figure 3.2. A linear fit has been used to extract the average contact
resistance, which has a value of RC=813Ω. Therefore, the contact resistance value per µm is
2032Ωµm, considering that the channel width of TLM devices is W=5 µm. As will be shown
later, this value appears lower with respect to the average value found with the four-probe
method. The high dispersion in the measured values, presented in Appendix B, suggests that
the estimated value suffers from an important error. Moreover, even if this approach gives an
average value of the contact resistance, it cannot be used to extract other parameters, such
as carriers mobility, for each device, because the contact resistances of each TLM structure
are unknown.

Four probe devices measurements The four-probe measurement technique has been
described in Chapter 2. This method relies on the measurement of the graphene resistance
without the contact resistance contribution, by reading the voltage drop between two in-
termediate contacts with a voltmeter, while a current is imposed between the two external
contacts. By doing so, the graphene square resistance R� is extracted, and mobility and
carrier concentrations are calculated.
The contact resistance is extracted by calculating the total channel resistance starting from
R� and subtracting it from the total resistance measured between the two external contacts.
With this method, we were able to get information from a much higher number of devices (323
devices) with respect to the TLM technique. This because all parameters can be measured
on each four-probe device. Moreover, in TLM devices, the mobility calculation requires first
the contact resistance extraction (that is then subtracted to the total resistance to obtain
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Fig. 3.2 Extraction of the contact resistance with the TLM method. The fit has been done
averaging over all the measured population on the wafer, for each channel length

.

R�), while with the four-probe measurement, R� is directly measured without no need of
fit. Since the measured contact resistance exhibits an important dispersion, the four-probe
method appears better suited for our analisys.
For these reasons, the four-probe measurement has been chosen to perform the statistical
study of our devices. By referring to figure 2.7, the four-probe devices dimensions are l=10
µm, L=24 µm and W= 6 µm.

3.1.2 Mobility calculation

We compared two different methods for the extraction of carriers mobility in graphene. One
method relies on the calculation of the transistor transconductance, while the other is based
on the fit of the carrier mobility and density values, starting from resistivity measurement.

Mobility extraction from transconductance calculation Considering the formula of
a graphene transistor in the linear (triode) region, i.e. when the source-drain voltage is
smaller than the saturation voltage, the current flowing along the channel as a function of
the gate voltage VG, far from the Dirac point voltage, can be expressed as [15]:

IDS(VG) = W

L
µn(VG)eVD (3.1)

Where W and L are, respectively, the width and length of the transistor, µ is the carrier
mobility and n(VG) = CoxVG

e is the carrier density. By defining the transistor transconductance
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gm = dIDS
dVG

, the mobility can be expressed as1:

µF E = gm
L

W

1
CoxVD

(3.2)

Where FE states for Field-Effect. In general, the peak transconductance is used to calculate
µF E [40] as shown in figure 3.3a.

Mobility extraction from fit The square resistance of graphene can be expressed as:

R� = W

L

1√
n2

0 + n2(VG)µe
(3.3)

Where n0 is an effective quantity which represents the charge carrier density at the charge
neutrality point. This charge density is due to charges or defects either in graphene or at the
graphene/dielectric interface. Then, n(VG) = CoxVG

e . The mobility is extracted by fitting the
IDS(VG) curve.

Figure 3.3b shows the value of mobility for the 98 four-probe devices contained in the
square n. 12 of the sample GRF 25 (cfr. Appendix B).
The blue curve represents the mobility value extracted from the transconductance calculation,

while the red one is the mobility obtained by fitting the resistivity curve of the devices. As
can be seen, the two methods give very close values for each device. Nevertheless, for some
devices, it was not possible to calculate the mobility with the fitting method. This because
the Dirac point voltage was higher than the maximum voltage which could be delivered by
our SMU, and so the value of n0, essential for the fit, could not be extracted. Moreover, the
fit method gives sometimes not accurate values, which overestimate the actual mobility. For
example the fitted mobility obtained for the device indicated by the res arrow in figure 3.3b
is more than three times higher than the one obtained with the field effect mobility method
on the same device. The inset shows that the square resistance obtained using the fitted
mobility (red dashed) is in this case very different from the measured one (red continuous).
For these reasons, the statistics have been performed using the transconductance method.

3.2 Experimental results

In this section we present the experimental results. We evaluated different variants of the
technological process presented in Chapter 2. We individuated the best technology and
fabricated a 2" wafer containing different RF devices and hundreds of four-probe structures.

1It has to be noticed that this formula is valid when the Fermi level is far from the Dirac point, where the
charge carrier concentration n induced by the gate voltage is much higher than the residual charge carrier
density n0. This quantity will be introduced in the next lines of the text
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(a)

(b)

Fig. 3.3 Mobility extraction. a) Example of the extraction of the mobility using the filed
effect mobility extraction method and the fit of the conductivity curve. The red point on the
blue line is the value of mobility extracted with the filed effect extraction method. The red
dashed curve is the model calculated extracting the mobility and the residual doping starting
from the fit of the conductivity. b) mobility values extracted using the two methods, for a
population of 98 devices. The conductivity fit method gives sometimes erroneous values of
mobility, as indicated in the inset, where the model (red dashed line) doesn’t fit with the
measurement (red continuous line).
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Table 3.1 Summary of the samples characteristics for the technological process preliminary
study

Device name Protection Layer Thermal treatment Passivation Layer
GRF20 Yes UHV 250◦ 1h Yes
GRF21 No No Yes
GRF22 Yes No Yes

Table 3.2 Average mobility of the devices in the different samples, that have been fabricated
using different technological process, summarized in Table 3.1. The average mobility is
reported before and after the deposition by ALD of a 30 nm thick Al2O3 film on the
fabricated devices.

Device name mobility before passivation mobility after passivation
GRF20 996 cm2/(V·s) 1849 cm2/(V·s)
GRF21 371 cm2/(V·s) 879 cm2/(V·s)
GRF22 535 cm2/(V·s) 1591 cm2/(V·s)

From these four-probe structures the statistics of the key parameters for the new wafer have
been obtained.

3.2.1 Preliminary study

Table 3.1 summarizes the differences in the technology used for three different samples
containing four-probe structures.
Sample GRF21 did not integrate the protection layer2. The other two samples, GRF20 and

GRF22 integrated a protection layer. Moreover, sample GRF20 undergone an UHV anneal at
250◦, just before the deposition of the protection layer. The measured carrier mobility values
for the three samples are listed in the first column of table. 3.2 (mobility before passivation).
In a second time, a passivation layer was deposited by ALD on all the samples (see Chapter

2). A second measurement was then performed. The results of the mobility are shown in the
second column of table 3.2 (mobility after passivation).
It can be noticed that sample GRF21 (which does not integrate any protection/passivation
layer) reports the worst mobility values. Moreover, a thermal annealing performed just before
the Al2O3 protection layer deposition improves the performances.
As a conclusion for the preliminary study, we determined a technological process which
allowed us to fabricate graphene devices exhibiting a good carrier mobility. This process
integrates a thermal anneal of the transferred graphene film, a protection layer realized before
the lithographic process and an Al2O3 passivation layer deposited after the device fabrication
[21, 41].

2As detailed in 2.1.2, the protection layer is a 1 nm thick aluminium layer that is subsequently oxydised in
air. It is deposited after graphene transfer and before any lithography process.
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3.2.2 Final study

A 2" wafer (named GRF25) was finally fabricated, following the technological process used
for the sample GRF20. A photo of the sample is shown in figure 3.4. The detailed description
of the devices location on the sample can be found in Appendix B. Here, the four-probe
measurements are presented. In figure 3.4, the 6 squares containing four-probe structures
have been highlighted with red circles. Table 3.3 details the number of devices for each
square, as well as the number of functioning devices3. The third column shows the number of
devices for which the Dirac point voltage was visible4. This corresponds to a residual doping
of less than 2.16 · 1012 cm−2.
The contact resistances have been calculated for each device. Figure 3.5 shows the map

Fig. 3.4 2" fabricated wafer. squares with four-probe devices are highlighted with red circles
.

of the contact resistances value for each probed square, taken at high electrostatic doping.
The mobility values for each square are represented in figure 3.6. Both contact resistance
and mobility have been calculated only for the functioning devices population. Figure 3.7
shows the residual doping values, the values have been taken only on the devices for which
the Dirac point voltage was visible. The other devices are marked in red, and have a residual
doping higher than 2.16 · 1012 cm−2.

In total, 555 devices have been tested. 323 of them where functional, corresponding to the
58.2 % of the entire statistical population. Among the functional devices, on 170 we where
able to measure the Dirac point voltage. This corresponds to the 30.6 % of devices having a
residual doping of less than 2.16 · 1012 cm−2. The total statistics for the contact resistance at
the Dirac point voltage is shown in figure 3.8a, while in figure 3.8b is shown the histogram of
the contact resistance distribution. The mean value for the contact resistance is 14.96 kΩµm
at the charge neutrality point, while at high doping is 10.95 kΩµm. The contact resistance

3We define a "functioning device" a device exhibiting current along the graphene channel, for which the
two internal contacts for the four-probe measurement work properly.

4The Dirac point voltage was visible if it was in the range [-200,200] V, that was the measurement limit of
our instrumentation, as alreasdy pointed out before in this Chapter
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Contact resistance [Ωµm]

Fig. 3.5 Contact resistance map
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Mobility [cm2 V−1 s−1]

Fig. 3.6 Mobility map
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Residual doping [cm−2]

Fig. 3.7 Residual doping map
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Table 3.3 Summary of the number of devices that have been tested for each square. The
second column shows the number of functioning devices, while the third one shows the
number of devices on which the Dirac point voltage was measurable (<200V). The percentage
is referred to the total number of devices present in the squares (first column)

Square # Total # of devices Functioning devices Dirac point
2 117 50 (42.7%) 1 (0.9%)
3 39 30 (76.9%) 8 (20.5%)
8 64 50 (78.13%) 38 (59.4%)
12 143 98 (68.5%) 86 (60.1%)
14 77 36 (46.8%) 21 (27.3%)
19 115 59 (51.3%) 16 (13.9%)
Total 555 323 (58.2%) 170 (30.6%)

value is lower than 5 kΩ for the 29% of the devices at the charge neutrality point, and for
28.3% of the devices at high doping. The mobility distribution (figure 3.8c) was extracted
from the entire population of the working devices, since its extraction didn’t require the
visibility of the Dirac point voltage.
The measured mobility values are in line with the expectations for graphene on SiO2[42].

The residual doping also is in good agreement with our previous works[21, 41]. However, the
contact resistance average value remains high.

3.2.3 Impact of the key parameters on photodetection

As shown in the previous Sections, four-probe devices allow to eliminate the contact resistance
contribution from the measurement of the resistivity of the graphene channel. It is so
interesting to use this approach to extract the intrinsic responsivity of graphene used as
active material for photodetection, in order to valuate the impact of contact resistance and
mobility on the performances. To do so, we characterized 18 four-probe structures. Figure
3.9a shows a scheme of the measurement: a 1.55 µm laser beam, modulated at 700 Hz by
means of a chopper, was focused in the center of the graphene channel. The optical power
of the laser before modulation was set to 60 mW. So, the modulated part of the optical
power was 30 mW. By doing so, the conductivity of the portion of the channel on which the
light was present was changed. Then, a constant voltage VAB=2V was applied between the
external contacts A and B. The change in conductivity ∆σ = σlight − σdark

5 induced by the
illumination of the four-probe device internal region (contacted by the contacts indicated
with the letters C and D) was measured by means of a lock-in amplifier which was connected
to the internal probes and synchronized to the optical chopper modulating frequency. At

5σlight is the conductivity of the graphene channel under illumination, σdark is the conductivity of the
channel under dark conditions
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(a) (b)

(c) (d)

Fig. 3.8 Total statistics of the measured DC key performance parameters
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the same time, we measured the constant DC voltage drop along the internal region. The
details of the change in conductivity (∆σ) extraction are discussed in Appendix C. The plot

(a)
(b)

Fig. 3.9 a)Experimental scheme for change in conductivity measurement on a four-probe
structure. b) Blue curve: change in conductivity induced by the laser excitation. Red curve:
extracted square resistance of the graphene sheet. The measurement has been obtained under
a voltage bias between the two external contacts VAB = 2 V, with a modulated optical power
of 30 mW

in figure 3.9b shows ∆σ as a function of the back-gate voltage. We observed the change in
conductivity discussed in Chapter 1: near the Dirac point voltage, a positive change takes
place. This is attributed to an increase of charge carrier concentration (photoconductive
behaviour) [19, 20]. At high doping, the change in conductivity becomes negative. This is
attributed to a decrease of the carrier mobility [3, 20] (bolometric behaviour) and is due to
electrons temperature increase induced by the incident radiation.
∆σ is plotted against the charge mobility in Figure 3.10 for both bolometric (3.10a) and
photoconductive (3.10b) regime. The blue dots correspond to devices having a lower contact
resistance value. A clear increase of the conductivity change is observed when the mobility is
higher. The dependence ∆σ on the contact resistance is presented in the insets of figures
3.10a and 3.10b. These results show the importance of reducing the contact resistance and
charge carrier mobility: passing from a charge carrier mobility of 1500 cm2V−1s−1 to 4000
cm2V−1s−1, in combination with an improvement of the contact resistance, we measured
more than one order of magnitude improvement in the responsivity.

3.2.4 Chapter conclusions

This Chapter has shown the study of some variants of the general technological process
described in Chapter 2. This study allowed to determine an optimized fabrication process,
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(a) (b)

Fig. 3.10 a) Laser-induced change in conductivity versus carrier mobility at high (a)) and
low (b)) electrostatic doping. In the inset, ∆σ is plotted against the contact resistance

which was used to fabricate a 2" wafer containing numerous devices. On this wafer, a
statistical analysis on the key performance figures of merit have been carried out. The results
show a good average value for the mobility (2332 cm2

V s ) and the residual doping (1.16 1012

cm−2). The value of contact resistance remains still important. Preliminary studies on the
use of gold in direct contact with the graphene channel are encouraging and show a reduction
of contact resistance. The role of both contact resistance and charge carriers mobility on
photodetectors performances is experimentally revealed by low-frequency optoelectronic
Graphene-based devices still suffer from a non-negligible dispersion of the key performance
parameters. The accurate monitoring of the technological process is only possible if statistical
measurements are implemented. In fact, it is hazardous to compare different technological
steps if the performances of only a few devices are measured. We think that the effort done
during this thesis work in the automation of the measurement system in order to probe
a relevant population of devices in a reasonable time has shown the powerfulness of this
approach.





Chapter 4

High frequency photodetection and
Optoelectronic Mixing based on
graphene devices

4.1 Optoelectronic mixing: General principle, motivations
and state of the art

Fig. 4.1 Heterodyne mixing principle
.

One of the most used function in communication systems and signal processing is fre-
quency translation. In several situations, there is the need to shift the information carried
around a certain frequency, towards lower or higher frequencies, depending on the application.
Heterodyning is a technique that is used to achieve this purpose [43]. It consists in employing
a three-port device, called mixer, that is capable of multiplying two input signals, as shown
in figure 4.1: a single tone at frequency fLO, called local oscillator, is applied at one of the
two input ports of a mixer. The other input receives some information carried around an
RF frequency fRF . The result is, as shown in figure 4.1, a shift of the information around
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the frequencies |fLO − fRF | (downconversion) and fLO + fRF (upconversion), also called
intermediate frequencies (IF).

Electronic mixers for heterodyning are largely used in radio technology. Figure 4.2
shows the block diagram of a radio, including a superheterodyne receiver [44], the most
used configuration for implementing hetherodyning technique nowadays. In this example,
a tunable LO from 10.55 MHz to 11.7 MHz is multiplied with the signal arriving from an
antenna. Many channels are present in the received signal, all centered around a different
frequency. If the frequency of the local oscillator is set to fLO= 10 MHz+fk, the k-th channel
will be centered around fIF =(10 MHz+fk)-fk=10 MHz after mixing. Then a filter centered
around 10 MHz is used to filter out all the other channels, so that only the information in
the k-th channel is sent to the speaker.

Fig. 4.2 Radio receiver. Adopted from [4]
.

Another remarkable application that uses this technique is RADAR (radio detection and
ranging) technology[45, 46]. Figure 4.3 shows a typical block diagram of a RADAR receiver.
As can be noticed, it is very similar to the one showed previously. The signal received from
the RADAR antenna is amplified by means of a low-noise amplifier (LNA), filtered in the
band of interest, and then downconverted by means of an electronic mixer in the operating
band of the RADAR receiver electronics.

During the last decades, optical systems have substituted some building blocks that
could previously be implemented only with electronic components. This is the case of
both the previous examples: the development of optical fibers has revolutionized modern
communications, thanks to their high-transmission bandwidth, electromagnetic interference
immunity and low transmission loss compared to copper cables [7]. Moreover, the development
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Fig. 4.3 RADAR receiver. Adopted from [5]
.

of lasers opened the possibility to integrate the photonic technology also in RADAR systems
[47, 48]. This has led to the development of optoelectronic systems, in which optical and
electrical signals are present together. In these systems, components capable to translate the
information from the optical domain to the electrical one (and vice versa) are necessary. In
particular, photodetectors have the role to transform optical signals in electrical ones. In
the following, three examples of RADAR and LADAR (laser detection and ranging) systems
that use photonics together with electronics are presented. The three cases share a common
configuration: a photodetector is used to translate high frequency signals from the optical to
the electrical domain, and then an electronic mixer is employed to translate information to
baseband.
Figure 4.4 shows an example of a proposed LIDAR1-RADAR system [6] that advantageously
uses photonic technology: a two-frequency laser pulse containing 2 optical frequencies ν1 and
ν2 is sent to the target. The back-scattered light from the target is collected and detected
by an RF photodetector. The generated photocurrent containing the information from the
target has a modulation close to fmod = ν1 − ν2, generally chosen to be in the RADAR
frequency range ([1-10 GHz]), resulting from the quadratic detection of the optical field. The
target information that has been converted from the optical to the electrical domain is then
downconverted in baseband using an electronic mixer, before being processed.

Another remarkable example [7] is shown in figure 4.5, in which a FM/cw LADAR
architecture block diagram is presented: the current driving a laser diode is frequency-
modulated by means of a chirp signal (a signal in which the frequency increases or decreases
with time). The optical signal is directed to the target. The light that impinges the target is
then scattered, collected, and detected by means of a photodiode, that converts the optical
signal into a current proportional to the light power. This current has the same waveform
than the original one used to modulate the laser, except for the time delay, that represents

1LIDAR is the acronym for light detection and ranging. The terms LIDAR and LADAR are in practice
interchangeable and used as synonims. The Handbook of Optoelectronics [49] quotes: "while some differentiate
the usage of the three expressions ’laser radar’, ’lidar’ and ’ladar’, they are in fact generally used freely and
interchangeably"
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Fig. 4.4 LIDAR-RADAR scheme proposed by [6]
.

the propagation time spent from the optical signal to go from the laser to the target, and
then back to the photodetector. After amplification, the photodetected signal is mixed, by
means of an electrical mixer, with an undelayed sample of the transmitted chirp waveform
[7]. The intermediate frequency has the following expression:

fIF = 2∆F
τ

T
(4.1)

where ∆F is the difference between the final frequency and the starting frequency, T is the
chirp period and τ = D/c, being D the distance to the target and c the speed of light.
In the first two examples, information comes from the optical part of the system, and an

Fig. 4.5 FM/cw LADAR architecture block diagram. Adopted from [7]
.

electronic LO is used for downconversion. There are some applications based on an optical
local-oscillator. For example, in phased-array antennas used in RADAR systems, the LO



4.1 Optoelectronic mixing: General principle, motivations and state of the art 47

signal can be advantageously distributed to each antenna using an optical carrier. The optical
LO-signal distribution has the advantage of transmitting high-frequency carriers over tens of
meters with very low attenuation and electromagnetic immunity. A principle schematic is
shown in figure 4.6 [8]. Here, a DFB laser is modulated using a MZM and then amplified
with EDFAs and distributed over 64 different cells composing an array. The optical LO is
then photodetected by each channel using an high-power photodiode (HPD), before being
mixed with the information received by each antenna.
All these examples describe systems in which a photodetector plus an electronic mixer are

Fig. 4.6 Distribution of an optically carried local oscillator over 64 cells active phased array.
Adopted from [8]

.

used in cascade in order to recover the information at the IF frequency of the receiver. In
most cases, after detection, it is necessary to use a wide band amplifier before mixing the
photodetected signal, as shown in figure 4.7a. In order to limit noise, this amplifier doesn’t
have in general a high gain.

A different approach makes use of a single component that is capable of providing the
photodetection function and the mixing in the same device. Such a kind of device is generally
called optoelectronic mixer, or self-mixing detector [7].
Using just one device instead of two allows to reduce costs and increase performances. In figure
4.7b a schematic of a receiver using an optoelectronic mixer is presented. The amplification
is done at the IF frequency, after filtering the signal. In this case, an amplifier with lower
bandwidth can be used, which allows to have higher gain and lower noise.
An optoelectronic mixer can be seen as a photodetector with some particular characteristics,
that will be analyzed in the following. Let’s first consider the photocurrent generated in a
photodetector being illuminated by light having a certain optical power P. This current is
proportional to the optical power itself through the responsivity R of the device (Iphoto = R·P ).
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(a)
(b)

Fig. 4.7 Mix between an optical and an electrical signal using a classical configuration (a))
and an optoelectronic mixer (b))

An optoelectronic mixer is a photodetector whose responsivity R can be modulated by the
application of an electrical signal Vbias. If the electrical signal is a varying function of time as
well as the optical signal, the photocurrent will be:

Iphoto(t) = R(Vbias(t)) · P (t) (4.2)

Let’s consider the case in which the electrical signal that is applied to the device is a sinus with
a frequency fele, and that the optical signal power varies also sinusoidally with a frequency
fopt. The expression of the electrical and optical signals have, respectively, the form:

Vbias(t) = ¯VDC + Vmsin(2πfelet + φ) (4.3a)

Popt(t) = Pcw + Pmsin(2πfoptt)) (4.3b)

where ¯VDC is the bias point of the photodetector around which a a small AC electrical signal
of amplitude Vm is applied. In the same way, Pcw is the constant optical power, while Pm is
the amplitude of the oscillating part of the optical power. φ is the phase shift between the
two signals.
Following figure 4.8, the expression of R(Vbias(t)) in the small signal limit is then:

R(Vbias(t)) = R( ¯VDC) + Vm∆Rsin(2πfelet + φ) (4.4)

where
∆R = β(fele)dR(VDC)

dVDC

∣∣∣
VDC= ¯VDC

(4.5)

Here, we include a dependence on the injected electrical frequency through a frequency-
dependent proportionality constant β(fele).

The generated photocurrent is then:

Iphoto(t) = [R( ¯VDC) + Vm∆Rsin(2πfelet + φ)] · [Pcw + Pmodsin(2πfoptt))] (4.6)
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Fig. 4.8 Small signal model used to calculate the time-varying responsivity modulated by an
AC signal.

By developing 4.6, one finds:

Iphoto(t) = R( ¯VDC)Pcw + R( ¯VDC)Pmodsin(2πfopt) + Vm∆RPcwsin(2πfelet + φ)+
Vm∆RPmod

2 [cos(2π(fele − fopt)t + φ) − cos(2π(fele + fopt)t + φ)]
(4.7)

The equation contains four different terms:

1. The first two terms result from the application of a constant bias. If Vm = 0, that is,
no electrical varying signal is applied, only these two terms are present. We will refer
to this operation mode as photodetection mode.

2. The last two terms result from the application of an AC bias. In particular, the last
term represents the mixing between the electrical and optical signals. if Vm ̸= 0 we
refer to as OEM mode.

Interestingly, if around VDC = 0 R(Vbias) is linear with respect to the applied voltage, the
photocurrent expression in the OEM mode reduces to:

Iphoto(t) = Vm∆RPcwsin(2πfelet+φ)+Vm∆RPmod

2 [cos(2π(fele − fopt)t + φ) − cos(2π(fele + fopt)t + φ)]
(4.8)

This requires a photodetector that presents a linear characteristics of the photocurrent versus
the applied voltage. The advantage in having VDC = 0 is that the first two terms in equation
4.7 are eliminated, which brings to lower electrical power consumption.
It has to be noticed that the parameters R( ¯VDC) and ∆R in equations 4.6,4.7 and 4.8 are
dependent on fopt. As already underlined, ∆R is also dependent on fele. Depending on the
application, an optoelectronic mixer has to operate a specific operation frequency. RADAR
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and new communication systems like 5G technology can operate at some tens of GHz [50–54].
In these applications, the photodetector used as optoelectronic mixer must exhibit very large
bandwidth.
Another important parameter is the optical operating wavelength of the optoelectronic mixer.
The majority of applications require the typical telecommunication wavelength of 1.55 um.
As silicon does not absorb 1.55 µm light, this is generally fulfilled using III-V compounds.
State of the art optoelectronic mixers that operate at 1.55 µm wavelength are based on III-V
semiconductors epitaxially grown on InP substrates. 60 GHz optoelectronic mixing has been
demonstrated by using heterojunction phototransistors (HPT) based on InP/InGaAs, which
exhibit high photoconductive gain [55]. InGaAsP-based travelling-wave uni-travelling carrier
photodiodes have been employed in order to detect 0.1 THz signals, with a downconversion
efficiency of -40 dB [56].
CMOS-compatible optoelectronic mixers have also been demonstrated: around 10 dB upcon-
version loss at 60 GHz has been measured by using avalanche photodiodes, at 850 nm optical
wavelength[57].
The realization of high-speed optoelectronic mixers operating at telecom wavelength, which
are compatible with the standard silicon technology, remains a challenge. The extraordinary
electrical and optical properties of graphene could face this issue: graphene absorbs 1.55 µm

light [17], so the photodetection inefficiency of silicon at the telecom wavelength is overcome.
Moreover, the very high carrier mobility (up to 150000cm2V−1s−1 at room temperature
[58–61]) and short photocarrier lifetime [62] allow to reach very high frequency operations.
Several CMOS-compatible graphene-based photodetectors have been already demonstrated
[63–66].
For this reason, the possibility of using graphene as the active material for photodetection
and optoelectronic mixing have been investigated in this Chapter.

4.1.1 Graphene-based photodetectors and optoelectronic mixers: State of
the art

Different physical mechanisms at the basis of the photocurrent generation in graphene can
be exploited in order to design a photodetector, as described in Chapter 1. In particular
two competing mechanisms are present in biased graphene. These two mechanisms are very
interesting for implementing OEM with graphene. In fact, the responsivity of photodetectors
based on biased graphene is dependent on the electrical voltage that is applied between
the two contacts of the graphene channel itself. Moreover, a zero bias corresponds to zero
photocurrent generation(see 4.8.), which is a very convenient characteristics.
High-speed photodetectors based on graphene have been largely studied during the last years.
One of the first works [65] demonstrated a 40 GHz bandwidth graphene-based photodetector,
and predicted an intrinsic bandwidth that could exceed 500GHz. The graphene channel was
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vertically illuminated, and the reported responsivity was about 0.5 mA/W. The actual state
of the art performance in terms of bandwidth has been reached by Schall et al. [67] by using
a graphene-based photodetector relying on the bolometric effect. The device consists in a
graphene channel contacted by two electrodes and placed on top of a Si waveguide. The
graphene layer absorbs light through the coupling with the evanescent field of the optical
waveguide. A bandwidth of more than 128 GHz has been reported. This frequency limit
has been mostly attributed to the used measurement equipment and not to the intrinsic
device. The measured RF responsivity was about 0.18 mA/W. In terms of responsivity, A
responsivity of 0.4 A/W (using photo-thermoelectric effect) without channel voltage bias
and 1 A/W with channel voltage bias has been obtained by [68]. These results show that, in
terms of bandwidth and responsivity, graphene has a high potential if used as active material
for OEM.
The first experimental demonstration of optoelectronic mixing in graphene has been reported
by Mao et al. [69]. In their work, the graphene channel was biased with a source-drain DC
voltage and electrostatically doped by the gate voltage. They have demonstrated the mixing
of a 2 MHz electrical signal with a 1 GHz intensity-modulated optical signal at 1.55 µm
wavelength. The following part of this Chapter is dedicated to the study of high-frequency
devices. First, a preliminary study is presented, in which 30 GHz OEM is demonstrated [70].
Starting from this result, a more complete study on the device performances is carried out
by means of statistical analyses. In this last study, the analyzed frequency range has been
extended up to 67 GHz.

4.2 Devices description

A schematic representation and an optical picture of the RF device used to demonstrate 30
GHz OEM are shown in the left part of figure 4.9. The device consists in a CPW that is
interrupted in the central (signal) line by a graphene monolayer acting as the active part of
the device.
The fabrication process, that is detailed in Chapter 2, includes the following steps: a CVD

graphene monolayer was first transferred on a high-resistivity silicon substrate covered by
a 2 µm thick thermal SiO2 layer. Then, the graphene active zone was defined by optical
lithography and reactive ion etching. A metallic multilayer (Ni-Ti-Au-Ti) was deposited by
electron beam evaporation, and an optical lithography pattern allowed us to locally grow
2 µm thick pads by electrolytic process, which reduces RF losses. The metallic multilayer
deposited on the graphene channel was removed by successive etching techniques (dry/wet)
until the Ni base layer was removed by wet chemistry. Finally, a 30 nm thick Al2O3 layer
was deposited by Atomic Layer Deposition (ALD) to passivate the graphene channel [71].
The comparison between the Raman spectra performed after graphene transfer (i.e, before
the lithographic process) and after passivation, indicates that the structural properties of
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Fig. 4.9 Schematic of the graphene-based optoelectronic mixer. The simultaneous injection of
an intensity-modulated laser beam at frequency fopt and an electrical RF signal at frequency
fele produces at the output two signals at the difference and sum of the input frequencies. In
the center : Optical image of the gCPW, contacted by the RF probes. The graphene channel
is passivated with an Al2O3 layer. To allow the RF probes to electrically contact the device,
the insulating film has been removed on the metallic pads. On the right, the transversal view
of the gCPW, and its dimensions.

graphene are not degraded by the fabrication process Appendic B.
As shown in figure 4.9, the ground-signal spacing is 25 µm, and the signal and ground width
are, respectively 60 µm and 250 µm. These two dimensions have been chosen by considering
the oxide thickness and dielectric constant in order to obtain a 50 Ohm match, necessary
to minimize the electrical insertion losses when the device is coupled with the measurement
system. The details are presented in Appendix A. The experimental setup designed to
measure the devices is described in section 2.2.3.1. DC and RF characterizations have been
performed on this device. In particular, we first measured the current flowing on the device
by applying a voltage between the two sides of the CPW, and a voltage to the substrate
acting as a gate. The RF measurements concerns the characterization of the devices as
photodetectors and as optoelectronic mixers. A preliminary result on the first fabricated
device is shown in Section 4.3. Then a complete characterization of several RF devices is
presented in Section 4.4.

4.3 Photodetection and optoelectronic mixing demonstration
up to 30 GHz

Our first result has been obtained on a device with a graphene channel length of L = 23 µm

and width W = 20 µm, shown in figure 4.9. The solid blue line in figure 4.10a shows the
DC current that flows in the graphene channel as a function of the voltage applied to the
substrate (acting as a back-gate) for a DC channel bias VDC = VIN − VOUT = 4 V. Thanks to
the Al2O3 passivation layer, time-stable V-shaped curves are obtained [72]. The measurement
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allowed us to determine the CNP voltage (VCNP ). Then, the biased channel was illuminated
by a laser having a spot size of 20 µm, modulated in intensity at a frequency fopt = 5 GHz.
The modulated component of the optical power on the channel was Pm = 22.5 mW. In the
same figure 4.10a the amplitude of the generated AC photocurrent (Iph,m) is plotted as a
function of the back-gate voltage (red dots). This AC photocurrent corresponds to the term
R( ¯VDC)Pmod in equation 4.7. From the graph, one can see that the photodetection has its
maximal efficiency when the channel current is minimum. In this particular experiment, the
applied gate voltage range didn’t allow us to explore the high doping regime, in which the
bolometric current regime dominates. For this reason, we studied the RF optoelectronic
response of the device by setting the gate voltage to the charge neutrality point, where the
photoconductive regime dominates, and a local maximum of the photoresponse is present.
We performed two types of experiments. First, we characterized the device by maintaining a
DC channel bias voltage (photodetection). Then, the constant bias was switched off and an
RF signal was injected (optoelectronic mixing).

4.3.1 Photodetection

For the same laser parameters of figure 4.10a, figure 4.10b shows the amplitude of Iph,m as
a function of the channel bias. The dependence is linear for voltages up to 6 V. The Iph,m

amplitude value obtained for VDC = 8 V suggests that the photocurrent response starts to
saturate for voltages above 6V. Such a behavior has already been observed [3].
Figure 4.10c shows that the amplitude of Iph,m varies linearly with Pm (Pm varies between
0 and 22.5 mW). The modulation frequency is still fopt = 5 GHz and the channel bias was
VDC = 6V.
For the same channel bias, the frequency response of the device is presented in figure 4.10d.
Here, the responsivity2 (namely, the photocurrent amplitude Iph,m normalized over the
modulated component of the optical power Pm) is plotted as a function of fopt for frequencies
up to 30 GHz.
Figure 4.10b and 4.10c demonstrate that the photocurrent is a linear function of both the

channel bias and the optical power. This experimental evidence allows to write the equation
of the generated photocurrent in biased graphene by using equation 4.2.

2In [70], all the plots in figure 4.10 are calculated by normalizing the obtained photocurrent to the
instrumentation losses and also to the transmission losses of the device, in order to evaluate the intrinsic
responsivity of an ideal device which doesn’t present transmission losses. This is clearly specified in [70] and in
the Supporting information accompanying the article. Here the plots are presented without the normalization
over the device transmission losses, in order to be quantitatively consistent with the results presented in the
rest of the Chapter, on which this correction has not been performed.
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(a) (b)

(c) (d)

Fig. 4.10 a) blue plot: channel current as a function of VG − VCNP ; red plot: photocurrent
generated by a 5 GHz intensity-modulated laser beam. The modulated component of the
laser beam is fixed at Pm= 22.5 mW. Both curves are measured under a channel bias voltage
VDC = 4V . b) Photocurrent as a function VDC for Pm = 22.5mW (fopt =5 GHz); the
small residual current at a polarization of 0 V predicted by the linear fit can be due to the
non-perfect symmetry of the device [9]. c) Photocurrent as a function of Pm for fopt =5
GHz and VDC = 6V . d) Responsivity (Iph,m/Pm) as a function of the optical modulation
frequency fopt.
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4.3.2 Optoelectronic mixing

Equation 4.2 - 4.7 shows that a bias-dependent responsivity is essential in order to operate
a photodetector as an optoelectronic mixer. Moreover, we just showed in figure 4.10b that
around VDC = 0 the responsivity R(Vbias) is linear with respect to the applied voltage.
So, also equation 4.8 holds for our device. Following what has just been stated, for the
optoelectronic mixing configuration, we switched off the constant voltage bias VDC and
injected an RF modulated signal in the gCPW, while maintaining the illumination of the
graphene channel. The blue solid line in figure 4.11a shows the power measured on the
spectrum analyzer. The injected electrical power was 14 dBm, at frequency fele = 400 KHz.
Pm was set to 22.5 mW, and fopt = 5 GHz. Two peaks appear at fdown = |fopt −fele| = 4.9996
GHz and fup = fopt + fele = 5.0004 GHz, experimentally demonstrating the optoelectronic
mixing. One can notice that no signal at fopt is measured (no constant bias VDC was applied).
For a direct comparison with the photodetection mode, in the same figure (4.11a), the red
dashed curve shows the power signal when the modulated component of the electrical signal
was switched off, and a constant Vbias = VDC = 3V was applied.
For the same optical signal (fopt = 5 GHz) and the same electrical frequency (fele=400 KHz),
we measured the downconverted power PIF at intermediate frequency (IF=4.9996 GHz) as a
function of the RF electrical input power (PIN ). Figure 4.11b shows that PIF varies linearly
with PIN . As PIF and PIN are respectively proportional to I2

ph and V 2
RF , Iph varies linearly

with VRF . This confirms that Iph is proportional to the source-drain bias for either DC
(figure 4.10b) or AC electrical signals (4.11b).

We then studied the optoelectronic mixing with high-frequency (close to 30 GHz) electrical
and optical signal carriers. In particular, for fopt = 30 GHz and fele = 29.9 GHz, a
downconversion to fdown = 100 MHz is obtained (figure 4.11c).
Figure 4.11a shows the output power of the device, at a fixed optical input power, for the
same electrical power absorbed in the graphene channel in both photodetection and OEM
configuration. For photodetection, the absorbed electrical power is due to the DC bias, while
in the OEM configuration it is due to the RF bias voltage. The output power is -94 dBm
(photodetection) and -98 dBm (OEM). Since an optoelectronic mixes a photodetected signal
with an electrical AC signal, one can conclude that the low output power is mainly due to
the small photodetected signal and not to the mixing process itself.
The photodetection losses can be attributed to the low photoconductive gain and the
weak absorption. The photoconductive gain[19] is defined as G = τr

τtrans
, where τr is the

recombination time, while τtrans = L2

µVbias
is the the transit time of a carrier under an electric

field generated in the channel. Time-resolved experiments show a first sub picosecond
relaxation time due to interactions with optical phonons followed by a picosecond decay[73–
78]. By considering a mobility of 2000 cm2

V s , that is a typical value obtained in our CVD
graphene, and by using a value of τr = 1 ps, we found for our device a photoconductive gain
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(a)

(b) (c)

Fig. 4.11 a) Solid blue curve: optoelectronic mixing effect, obtained by injecting a 14 dBm
electrical signal at frequency fele=400 KHz. The laser parameters are: Pm = 22.5 mW
and fopt = 5 GHz. Red dashed curve (for comparison): photodetection of the modulated
component of the laser beam at 5 GHz. In this case, Vbias = VDC = 3 V. b) Downconverted
power (PIF ) at intermediate frequency (IF) as a function of the electrical RF input power
(PIN ), for the same laser parameters and electrical frequency (400 KHz). c) Downconverted
power to 100 MHz of a laser signal at fopt=30 GHz (Pm=22.5 mW), mixed with a 10 dBm
electrical signal at 29.9 GHz. The laser power is Pm=22.5 mW.
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around 10−3. This corresponds to a power loss, with respect to the case G = 1, around 60
dB.
Moreover, one has to consider the intrinsic limitation of graphene due to a small light
absorption (which is however very impressive if we consider that we are dealing with a
monoatomic material). The calculation described in Appendix A predicts a light absorption
of about 1.8%. This corresponds to a power loss of 35 dB with respect to the ideal case of
100% absorption.
To improve the downconversion efficiency without decreasing the operating frequency, it
is necessary to decrease the transit time τtrans using shorter channels. The impact of this
parameter is studied in Section 4.4.3.

4.4 Statistical study

4.4.1 Motivations

The first demonstration of high frequency OEM presented in 4.3 showed the potential of
graphene as active material in optoelectronic mixers. The study has been limited in the
region in which graphene has a photoconductive behavior, that is, around the Dirac point
voltage (see Chapter 1). This preliminary study has been followed by a wider study over a
considerable number of devices. These devices have been fabricated on the two inch wafer
presented in Chapter 3. A statistical analysis is presented, thanks to the availability of 52 of
devices. The study objective was the identification of the critical parameters that influence
the performances of our devices. First, a contact resistance extraction technique for the RF
devices based on a de-embedding method has been developed and analyzed. This allowed
us to exclude the impact of the contact resistance on the photocurrent. We also conducted
a study on the homogeneity of the photoresponse along the graphene channel, by scanning
the laser spot over the active area. Moreover, the response was studied as a function of the
geometrical parameters, that are the length (L) and the width (W). The frequency range of
the measurements has been extended up to 67 GHz. Finally, we evaluate the performances
of our graphene device as an optoelectronic mixer.

4.4.2 Circuital Model and contact resistance evaluation

In order to obtain the intrinsic performances of the tested RF devices and so to extract the
relevant parameters, it was essential to evaluate the contact resistance of each gCPW. In
Chapter 3 a statistical distribution of the contact resistance has been presented. This gives
an idea of the mean contact resistance present also in the RF devices. However, the precise
contact resistance cannot be determined on each tested gCPW with traditional DC methods,
since just two contacts are present on the two sides of the graphene channel. Using the mean
value obtained with four-probe devices to analyze the operation of one 2-contact RF device
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would bring to erroneous results, because of the high dispersion of the contact resistance
value distribution. Here we present a lumped electrical model of the gCPW in wich, instead
of simply using a resistance to model the graphene-metal contact, a contact impedence is
used. This contact impedence is extracted thanks to high-frequency measurements and a
de-embedding technique [16]. This model has been proposed by [79] and tested on a very
similar structure at frequencies up to 13.5 GHz. Here, the analysis is extended over a relevant
statistical population, up to 67 GHz. This extraction method gives a statistical distribution
of the contact resistance value that is in very good agreement with the one that has been
obtained by means of the four-probe measurement in Chapter 3. Thanks to this result, we
used this method in order to have a more precise value of the contact resistance for each
device.
Figure 4.12 shows the lumped circuital scheme used to model the gCPW: a contact impedance

Fig. 4.12 Lumped circuit of the gCPW
.

Zcont describes the metal-graphene contact. Also the graphene channel is modeled by using a
generalized impedance Zgraphene instead of a simple resistance. The two contact impedances
in series with the graphene channel impedance Zgraphene represent the device under test
(DUT) embedded in the CPW structure. The CPW model includes a parallel capacitance Cs

between the two signal sides of the gCPW and a series of a resistance Rp and a capacitance
Cp modeling the coupling between the ground and signal lines. To extract the impedance
values of the DUT, an open-short de-embedding method has been used. This procedure
is largely described in literature, for example in [80, 81]. It consists in the S-parameters
measurement of two different structures, shown in figures 4.13a and 4.13b:

• Open structure, is the same structure as the gCPW, but without the graphene channel.

• Short structure, in which the signal line is continuous, that is, metal is present instead
of graphene. Moreover, the ground line is shorted with the signal line
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(a) (b) (c)

Fig. 4.13 Open (a) and short (b) structures used for de-embedding.(c): Pi-network used to
model the gCPW

A measurement of the S parameters of the two structures and of the entire gCPW have been
performed. Then, the S-matrix of each structure have been transformed in the corresponding
admittance matrix Y, following the relation:

Y = 1
Z0

(I + S−1)(I − S) (4.9)

Where Z0 is the transmission line connected to each port that has the value of 50 Ω.
By denoting with YOP EN , YSHORT and YT OT , respectively, the Y matrix of the open, short
and entire device, one can find the inner (de-embedded) Y-matrix comprising the contribution
of the contact and graphene impedance series as [81]:

YDUT = ((YT OT − YOP EN )−1 − (YSHORT − YOP EN )−1)−1 (4.10)

This YDUT matrix can be conveniently written as:(
Y11 Y12

Y21 Y22

)
=
(

YA + YB −YA

−YA YA + YC

)
(4.11)

The right part of the equation explicitly contains the values the Π-network through which a
generic Y-matrix can be represented [30]. This lumped Π-network is represented in figure
4.13c. YA and YB represent the coupling between the graphene channel and the ground pads.
In the model in figure 4.12 they are included in the series of Rp and Cp. Y −1

A = ZA represents
the DUT series impedance, that is, the series of the two contact impedances Zcont with the
graphene channel impedance Zgraphene.
In Reference [79], Zgraphene and Zcont are modeled as a capacitance and a resistance in paralell,
and so has the following expression:

ZA = 2Rc

1 + i2πfCcRc
+ Rg

1 + i2πfCgRg
(4.12)
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The terms Rc, Cc, and Cg have been sufficient to fit the measured ZA up to 13,5 GHz.
In order to fit our measurements up to 65 GHz, it was necessary to add an inductance in
series with the resistances3 in the graphene impedance. The complete model is shown in
figure 4.12 and has the following expression:

ZA = 2(Rc + iωLc)
1 + iωCc(Rc + iωLc)

+ Rg

1 + iωCgRg
(4.13)

with ω = 2πf . The real and imaginary parts of ZA have been fitted with the parameters
Rc, Cc, Lc, Cg, while Rg = RT OT − 2Rc, RT OT being the total measured DC resistance, that
corresponds to the extracted ZA at low frequency.
A fitting example is shown in figure 4.14 for a gCPW with L=5 µm and W=5 µm, where
the real and immaginary parts of the DUT impedance are plotted for high doping (a and b)
and at the Dirac point voltage (c and d). Figure 4.15 shows the same curve, fitted by using
the model proposed by [79]. As can be noticed, the model works for frequencies under 15
GHz, but starts to lack after this frequency values. For this device, the fitted values at high
doping are: CC=18 fF, CG=1.7fF, Rc=4.8KΩ, LG=1.9nH. At the Dirac point voltage, the
fitting parameters are: CC=17 fF, CG=1fF, Rc=5.5KΩ, LG=1.8nH.

Fig. 4.14 Measured and fitted impedances at high doping and at the Dirac point voltage.
.

The fitting was conducted for 52 devices of square 9 and 20, and a statistics of the
extracted contact resistance was extracted for high and low electrostatic doping. As done

3The origin of this series inductance at high frequencies cannot be associated to the kinetic inductance
observed in high mobility samples [82, 83], but could be attributed to an equivalent residual parasitic parallel
capacitance.
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Fig. 4.15 Measured and fitted impedances at high doping and at the Dirac point voltage,
without including inductive effects

.

with four-probe devices (see Chapter 3), the extracted contact resistance at high doping has
been taken at 200 V from the charge neutrality point. The results are shown in figure 4.16a
and 4.16b. As can be seen, they are in good agreement with the values determined from
four-probe measurements (see figures 3.8a ans 3.8b). This method allowed us to determine
the contact resistance value for each (2-contacts) RF device, instead of using a mean value
extracted by means of the four-probe measurement presented in Chapter 3. The importance
of knowing the contact resistance for each RF device will be highlighted in the following,
where a statistical study on the photocurrent has been performed.

4.4.3 Photocurrent study

In the following Sections, a study on several devices with different channel lengths L and
widths W is presented. The study consists in the measurements of the photocurrent generated
in the devices by focusing a laser beam on the device channel. Contrary to the measurement
performed in 4.3, the laser spot diameter has been reduced to 2.5 µm to measure a "local"
photocurrent. Thanks to the use of two-stepper motors mounted to the collimator support
(see 2.2.3.2), we where able to scan the laser spot over the channel with sub-µm precision
and obtain a map of the photocurrent.
Figure 4.17 shows the optical image of one of the RF devices being tested. The point "A"
is the initial position of the laser spot on the graphene channel, while point "B" indicates
the laser spot final position. They define the rectangular region scanned with the laser spot,
indicated with dashed lines. For each point, the generated photocurrent between 20 MHz
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(a) (b)

Fig. 4.16 Extracted contact resistance using the de-embedding method though RF measure-
ment at high doping (a) and at the charge neutrality point (b)

Fig. 4.17 Image of a gCPW with the laser spot focused in the center of the channel. The
blue area confined in the red dashed line represents the scanned region. In the figure, the
laser spot is positioned at the center of the channel

.
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and 67 GHz was measured, as a function of the voltage VDC applied along the graphene
channel and of the voltage VG applied to the substrate in order to change the Fermi level
position. The measurement details are described in 2.2.3.
Figure 4.18 shows the measurement of one device, with L=10 µm and W=30 µm in which
the laser spot was fixed on the central point of the graphene channel: the current at VDC =
2V is plotted as a function of the gate voltage (figure 4.18a). The Dirac point voltage is
around 70V. The blue curve in figure 4.18b shows the photocurrent as a function of the gate
voltage, registered for a modulation frequency fopt = 8GHz, and at an optical modulation
power of 25 mW, while the red curve shows the phase of the photocurrent. A change in sign
of the photocurrent takes place away from the Dirac point voltage, indicating a change from
a photoconductive to a bolometric response. Around the Dirac point voltage (VG = 70 V),
the photocurrent has the same sign of DC current. This corresponds to the photoconductive
regime. At high doping (e.g. VG = -100 V or 200 V), the photocurrent exhibits an opposite
phase. It thus corresponds to a bolometric current. The grey curve in figure 4.18b is the
same DC current on the right, superposed for clarity.
We noticed a remarkable spatial dependence of the photoresponse along the channel. For

(a) (b)

Fig. 4.18 a) Current flowing along the graphene channel as a function of the applied gate
voltage. The point A-H correspond to the gate biases at which the maps of the photocurrent
over te channel are shown in figure 4.20. b) Photogenerated power as a function of the gate
voltage (blue line) and photocurrent phase (red line).

this reason, we registered the photodetected power and phase along one straight line between
source and drian. The results are presented in figure 4.19 and present the measurement on
4 different points along the straight line. The gate voltages at which the photoconductive
regime is present are not the same along the channel, and the maximum of photoconductive
current is not always centered around the Dirac point voltage (70 V), but instead varies from
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0 to 100V. This variation corresponds to a variation in the carrier density of 1012 cm2V−1s−1.
We further investigated this experimental fact by scanning the laser spot along the whole the

(a) (b)

(c) (d)

Fig. 4.19 Photogenerated power (blue curve) and photocurrent phase (red curve) versus the
gate voltage at different positions of the graphene channel of a gCPW. The photoconductive
maxima are measured at different gate voltages, depending on the laser spot position.

graphene channel for different gate voltages. Figure 4.20 shows the photocurrent map along
the channel. Each plot shows the amplitude (left) and phase (right) of the photocurrent along
the channel. The plots are tagged with a letter from A to H, and corresponds to different
gate voltages. For each letter, the value of the gate voltage is shown on figure 4.18a. The
maps reveal two behaviors:

1. When the channel is highly doped, the photocurrent phase (right part of plot A in
figure 4.20) is homogeneous over the whole graphene channel, and is equal to 180°.
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Photocurrent map - first part

Fig. 4.20 Photocurrent map - first part
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Photocurrent map - second part

Fig. 4.20 Photocurrent map over the surface of a device with L = 10 µm W = 30 µm.The
red dashed line confines the channel region. Each figure, named from A to H, is done at the
gate voltage marked with the same letter in figure 4.18a. The applied voltage on the channel
is VDC = 2 V. The left part of each figure shows the power generated by the photocurrent
on the 50 Ω of the VNA. The right part shows the phase of the photocurrent.
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Thus, the graphene layer exhibits a bolometric response which is uniform along the
channel.

2. When the gate voltage is set around the Dirac point voltage (plots D, E, F and G in figure
4.20), the response is not anymore homogeneous along the channel. Indeed, the phase
of the photocurrent in this regime is 0° or 180°, depending on the laser spot position.
In the regions exhibiting 0° photocurrent phase, the response is photoconductive, while
in the other regions the response is bolometric. In this case, both photoconductive and
bolometric currents coexist in the graphene channel.

Fig. 4.21 plots the mean photocurrent power value over the whole graphene channel as a
function of the gate voltage. At VG = -200 V, the mean power value (-75 dBm) is very close
to the maximum power detected along the channel (-70 dBm) at the same gate voltage (see
plot A in figure 4.20). On opposite, at VG = 75 V, i.e. at a voltage close to the Dirac point
voltage, the mean power value (-94 dBm) is much smaller than the maximum photodetected
power along the channel at a similar gate voltage (see plot E in figure 4.20).
It is then interesting to re-analyze the photodetected power obtained with the first tested
device (see Section 4.3). The measurements on this device were performed using a large
laser spot diameter (20 µm) and for a gate voltage around to the Dirac point voltage. The
measured photodetected power at the Dirac point voltage (see figure 4.11a) is equal to – 93
dBm, and is very close to the mean power calculated for the new device (see figure 4.21).
So, the low response obtained on the gCPW in Section 4.3 has to be attributed to the
inhomogeneity of the graphene channel response: a big spot focused over all the graphene
channel generates local photocurrents that sum up. When the device gate voltage is set
around the Dirac point voltage, this local currents can have different signs, giving as result
low values of the overall photocurrent. This means that the photodetected power depends
highly on the laser spot size and on its position.
As a conclusion the better photodetected power obtained with this new device with respect
to the one presented in Section 4.3 is principally due to the use of a small diameter (2.5 µm
instead of 20 µm) laser spot.
This behavior has been taken into account: in the following, we refer to the photoconductive
current as the maximum photocurrent registered near the Dirac point voltage by scanning
the laser spot along the channel.

In order to evaluate the performances of the RF devices as a function of the geomet-
rical parameters of the channel (L and W), we tested the responsivity of 37 devices. For
each device, we measured the photocurrent generated by an optical beam modulated at a
frequency fopt of 8 GHz, focused on the graphene channel. The optical power was 25 mW.
The measured photocurrent has then been normalized to the voltage VDC between the source
and the drain, and is plotted against the channel L and width W at high doping in figure 4.22
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Fig. 4.21 Mean photocurrent power, calculated by integrating in space the maps obtained in
figure 4.20 for each gate voltage

.

and at low doping in figure 4.23. No correlation is appreciable between the photocurrent and
the geometrical parameters L and W. Actually, in order to properly analyze the dependence
of the photocurrent from L and W, it is necessary to know the voltage drop along the channel,
since the photocurrent is proportional to this quantity. In fact, the applied voltage VSD

corresponds to the voltage drop over the contact resistance plus the voltage drop along
the graphene channel. As studied in Chapter 3, the value of the contact resistance is not
negligible and exhibits a relatively high dispersion from one device to another. Thus, it is
necessary to know the value of the contact resistance for each device in order to extract
the voltage drop along the channel. This highlights the importance of the de-embedding
technique described in the previous Section, thanks to which the contact resistance value of
each RF device is extracted.
By taking into account the contact resistance, the voltage drop along the channel can be
extracted. The photocurrent value in figures 4.24 and 4.25 can be normalized to this ex-
tracted voltage drop value. Figures 4.24a and 4.25a show the dependence of the normalized
photocurrent with respect to the channel length L for different channel widths W for high
and low doping respectively, while figures 4.24b and 4.25b show the normalized photocurrent
with respect to the channel width W for different channel lengths L, for high and low doping
respectively.
By eliminating the contribution of the contact resistance, a dependence of the photocurrent

with respect to the channel length L comes out. In particular, the photoresponse decreases
with L. Instead no appreciable dependence of the photocurrent with respect to W is present.
The result can be explained by considering the expression of the photocurrent generated in a
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(a) (b)

Fig. 4.22 a) Normalized photocurrent as a function of the channel length L. b) Normalized
photocurrent as a function of the channel width W. The measurement has been done at high
doping. The normalization is performed with respect to the applied bias between the two
sides of the gCPW.

(a) (b)

Fig. 4.23 a) Normalized photocurrent as a function of the channel length L. b) Normalized
photocurrent as a function of the channel width W. The measurement has been done around
the Dirac point voltage. The normalization is performed with respect to the applied bias
between the two sides of the gCPW.
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(a) (b)

Fig. 4.24 a) Normalized photocurrent as a function of the channel length L. b) Normalized
photocurrent as a function of the channel width W. The measurement has been done at
high doping, and the photocurrent value has been divided by the real voltage drop along the
channel, without the contact resistance contribution.

(a) (b)

Fig. 4.25 a)Photocurrent as a function of the channel length L. b) Photocurrent as a function
of the channel width W. The measurement has been done around the Dirac point voltage,
and the photocurrent value has been divided by the real voltage drop along the channel,
without the contact resistance contribution.
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photoconductor [84]:
Iphoto = eφηG (4.14)

where e is the electron charge, φ = Poptical

hν is the photon flux and η the quantum efficiency.
G is the photoconductive gain, that is defined as:

G = τrec

τtrans
(4.15)

Where τrec is the photogenerated carriers lifetime, and τtrans their transit time which is:

τtrans = L

VDC

L

µ
(4.16)

So that, the current can be written in this form:

Iphoto = ePoptical

hν
ητrecµ

VDC

L2 (4.17)

While the dark current due to the application of a voltage bias VDC is:

Idark = neµ
VDCW

L
(4.18)

The photocurrent has a 1
L2 dependence, and is independent on W, as measurements confirm.

On the other hand, the dark current has a 1
L dependence and a linear dependence in W.

The blue dashed lines in figures 4.24a and 4.25a are plotted starting from the formula in
equation 4.17, considering µ = 2000 cm2

V s , using ητrec = 0.12 ps as fitting parameter. This
value is similar to the one obtained by Freitag et al. [3]4.
So, by decreasing L, the ratio between the photocurrent and the dark current increases. On
the contrary, in the limit in which the spot size is smaller than the channel width, decreasing
W does not change the generated photocurrent, but the dark current can be reduced.
Another remarkable consideration rises comparing the plots in figures 4.22a and 4.23a (without
any contact resistance correction) and the results in figures 4.24a and 4.25a: the performances
of the devices with shorter channel are more affected by the presence of the contact resistance
with respect to the devices with longer channel. Indeed, the performances of the devices with
a channel length L = 10 µm do not change considerably after the elimination of the contact
resistance effect, while the devices with a channel length L = 2 µm show a considerable
normalized photocurrent increase. This because the contact resistance becomes comparable
with the channel resistance while decreasing L.
Figure 4.26 shows the best result obtained in terms of photodetection on a device having L =
5 µm and W = 40 µm. The response of the device is almost flat up to 67 GHz, suggesting an
operation frequency higher that this value, that is the limit of the measurement equipment.

4information contained in the supporting information of the article
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The photodetected power attains -55 dBm. The optical power focused on the channel is 60
mW, and the DC bias VDC = 3 V. The device exhibits a responsivity of 0.13 mA/W. The
actual power coupled with the graphene channel has been calculated by considering the stack
Air/Al2O3/AlOx/graphene/SiO2/Si (see Chapter 2 for details on the technological process).
By taking into account the refractive indexes of the different materials, we calculated that
graphene absorbs 1.8% of the impinging light (see Appendix A for the calculations). By
considering the amount of absorbed light, the photodeteted power value of -55 dBm is
comparable with the values found in literature for CVD graphene [66, 67].

Fig. 4.26 Best photodetected power within the 37 tested devices, obtained for an optical
power of 60 mW, at a VDC=3V.

4.4.4 Optoelectronic mixing study

The 37 devices that have been characterized in Section 4.4.3 have then been tested as
optoelectronic mixers, in order to evaluate their performances. First, we characterized the
photocurrent flowing along the graphene channel as a function of the voltage bias between
the two sides of the channel bias VDC . Figure 4.27a shows the responsivity (that is, the
photocurrent divided by the impinging optical power) obtained for a device with a channel
length L = 2 µm and channel width W = 40 µm. The measured responsivity has been
obtained at high doping (bolometric regime). The laser beam was modulated at a frequency
fopt = 8 GHz. It can be noticed that for this device the photocurrent is linear within a
voltage range VDC = [-1 V,1 V]. Outside this range, the responsivity starts to saturate.
We then added to the DC electrical bias an AC sinusoidal signal of 0 dBm at a frequency fele

= 5 GHz. The blue line in figure 4.27b shows the downconverted photocurrent value at fIF =
3 GHz as a function of the DC bias VDC . It can be noticed that the maximum downconverted
photocurrent is obtained for a DC bias VDC = 0V. The red dashed curve in figure 4.27b has
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(a) (b)

Fig. 4.27 a)Responsivity of a gCPW versus the applied voltage VDC between the two
sides of the gCPW. b) Responsivity derivative with respect to VDC (red dashed line) and
downconverted photocurrent as a function of VDC (blue line)

been obtained by computing the slope of the responsivity shown in figure 4.27a with respect
to VDC . The obtained similar shape of the two curves is easily explained by equation 4.8
which expresses the photocurrent at the intermediate frequency. The parameter ∆R in the
equation is the derivative of the responsivity as a function of VDC , as defined in equation 5.3.
If VDC is further increased, the complete responsivity saturation can eventually be reached.
This means that the responsivity starts to be independent on VDC for high source-drain
voltages. In this case no mixing effect is expected. One can conclude that the derivative
of the photocurrent as a function of the graphene bias is a figure of merit for this kind of
graphene optoelectronic mixers. In Section 4.1 we highlighted that a 0V bias is convenient
since it brings to less power consumption. Figure 4.27 shows that this bias point is also
convenient because the downconversion efficient is maximal.
For VDC = 0V, We then measured the downconversion efficiency of all the devices studied in
the previous Section in photodetection mode, by injecting an electrical signal in the gCPW.
The best downconversion efficiency was obtained for a device with length L = 7 µm and W
= 40µm. The result is presented in figure 4.28, and shows, to the best of our knowledge, the
best performance of a graphene-based optoelectronic mixer in terms of bandwidth.

4.5 Graphene on Boron Nitride - first results

This Section is dedicated to the presentation of a preliminary study done in collaboration with
the Laboratoire de Physique de l’Ecole Normale Supérieure (LPENS) of Paris. Compared
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Fig. 4.28 Best downconversion efficiency within the 37 tested devices, obtained for an optical
power of 60 mW, at a VDC=0V.

to the gCPW just described, the geometrical design of these devices is unchanged but
technological process (GoBN5) is different and has been developed at the LPENS [85]. Figure
4.29a shows a sketch of the stack used to fabricate the device: The substrate (High-resistivity
Silicon + 2 µm SiO2) is the same used for the gCPW presented in the previous Section. The
graphene layer is encapsulated in exfoliated hexagonal boron nitride films (h-BN/graphene/h-
BN), and then is protected by a layer of Al2O3 deposited by ALD. The metallic contacts are
composed by a stack of 5 nm of chromium and 150 nm of gold. Figure 4.29b shows an optical
picture of the fabricated device. The two sides of the CPW contacted the region where the
BN has been exfoliated. The channel of the device is zoomed in the inset of figure 4.29b,
which shows a SEM picture. The channel has a length of 3 µm and a width of 3 µm.

(a) (b)

Fig. 4.29 a)Sketch of the stack used to fabricate the gCPW using the GoBN technology. b)
Optical image of the fabricated RF device. In the inset, an image of the graphene channel

5GoBN stands for Graphene on Boron Nitride
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4.5.1 Experimental Results

Since no de-embedding test structures where fabricated in this sample, we were not able
to extract the contact resistance value directly from the RF device. For this reason a
four-probe device has been also realized on the sample. Figure 4.30a shows the extracted
square resistance of the four-probe device, which channel is shown in figure 4.30b. The
extracted contact resistance is about 1KΩ µm at high doping, and a carrier mobility is equal
to 35500cm2V−1s−1. The RF performances of the gCPW are shown in figure 4.31a. The

(a)
(b)

Fig. 4.30 a) Square resistance plot obtained from the four-probe measurement on the device
shown in b).

voltage applied between the two sides of the gCPW was VDC=0.4V, and the optical power
was 50 mW. The back-gate bias VG was set to 100V, which corresponds to an highly doped
region. So, the registered photocurrent had a bolometric nature. As can be noticed in figure
4.31b, a high-pass behavior was measured, which has to be further investigated in the studies
that will follow this preliminary measurement. The generated electrical power rising from
the photodetection is higher than 40 dBm, and is 15 dB higher than the best result obtained
for the gCPW measured in the previous Section. The corresponding responsivity is about
0.9 mA/W, which is 7 times higher than the best value obtained in the previous Section.
The downconversion efficiency measurement is shown in figure 4.31b. Even in this case, the
response is 15 dB higher with respect to the best value obtained in the previous Section. This
measurement gives an experimental evidence of the benefits of having high carrier mobility in
graphene as well as low contact resistance. The measured device has attained, to the best of
our knowledge, the best performances in terms bandwidth and downconversion efficiency of a
graphene-based optoelectronic mixer. Moreover, used as photodetector, the performances
are comparable with those obtained with state-of-the art devices based on integrated optical
waveguides coupled to the graphene channel.
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(a) (b)

Fig. 4.31 Frequency response of the gCPW based on GoBN technology. a) Shows the response
of the device used as photodetector, while b) shows the downconversion efficiency.

4.6 Chapter conclusions

In this Chapter, the design and measurement of RF optoelectronic devices based on graphene
has been presented. In particular, the devices have been tested as photodetectors and
optoelectronic mixers. The use of a CPW embedding graphene allowed us to attain very high
bandwidth operations up to the limit of the measurement equipment, i.e. 67 GHz.
A contact resistance extraction technique based on a de-embedding method has been developed.
This method allowed us to determine the contact resistance for each RF device. As the
average contact resistance of the RF devices was very close to the mean value determined
with four-probe DC devices, this extraction method appeared reliable.
Thanks to this method, we were able to measure the normalized photocurrent (photocurrent
divided by the voltage drop along the channel) for each RF device. The analysis shows
a clear dependence of the photoresponse as a function of the channel length. The scan
of the photocurrent value along the channel allowed us to show that, at low doping, a
non-homogeneous response takes places while, at high doping, a uniform bolometric response
is observed. Thus, the bolometric effect seems more suitable for the implementation of
photodetectors and optoelectronic mixers.
Finally we studied gCPW fabricated with the GoBN technology. The associated high carrier
mobility and low contact resistance allowed us to demonstrate the potential of graphene
optoelectronic mixers.



Chapter 5

Optoelectronic mixing on graphene
using high frequency transistors

5.1 Introduction

In Chapter 4 we presented the study of an optoelectronic mixer which relies on the modulation
of the responsivity of a graphene photodetector with an electrical signal. This modulation
is possible because a biased graphene channel produces a photocurrent which is directly
proportional to the voltage applied to the channel itself. The change in time of this applied
voltage produces the modulation of the detected photocurrent, an consequently the mixing. In
this Chapter, we explore another approach to obtain optoelectronic mixing using a graphene-
based transistor having a local RF back-gate.
Graphene high-frequency transistors (GFETs) for analog applications are very promising
[86–88]. High speed operations with GFETs has been demonstrated in various works [89–92].
Here we explore the high frequency operation of GFET to obtain optoelectronic mixing. The
graphene channel of the transistor is shined with a laser beam, as in the devices studied in
Chapter 4, and a bias voltage is applied between the source and the drain. However, instead
of modulating the voltage drop along the channel, we apply an AC signal to the back-gate of
the transistor. This AC signal modulates the graphene channel doping and consequently the
photocurrent magnitude and sign (see Chapter 1). In other words, this signal modulates the
responsivity of the graphene channel. As a consequence, the AC signal applied on the gate
is mixed with the AC photodetected signal. The mixing is then achieved since, as we have
already seen, the photocurrent magnitude (and nature) depends on the graphene channel
doping. We will start by the presentation of the fabrication of the device, which has been
performed by the Institut d’électronique de microélectronique et de nanotechnologie (IEMN)
in Lille. Then, the experimental characterization and performances analysis is presented.
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5.2 Fabrication

Figure 5.1(a) shows a sketch of the graphene-based GFET and illustrates its operational
principle as optoelectronic mixer. The device has a double-bottom gate structure. A laser
beam is modulated at a frequency fopt and focused on the GFET. As a result of the optical
illumination, a photocurrent that contains an AC component at the frequency fopt flows
through the graphene channel. Similarly, if a radio frequency signal at a frequency fRF is
added to the gate of the transistor, the output current presents a term at the frequency fRF .
When both signals (optical and electric) are applied, the device acts as an optoelectronic
mixer: the output contains the product of the two signals, and two AC components, fopt

+ fRF and fopt - fRF appear. The bottom gate transistor design is particularly suitable
for optoelectronic mixing since (i) the graphene channel is laying on top of the gate and
can thus be directly illuminated (ii) the use of a thin (4nm) Al2O3 dielectric and short gate
length (0.4 µm or less) ensure high frequency operation [30, 87, 90]. To prevent ohmic losses
at microwave frequencies, a high resistivity silicon wafer (resistivity larger than 8000 Ωcm)
covered with 300 nm thick silicon dioxide was employed as a substrate. A schematic cross
section of the bottom gate structure is presented in figure 5.1(b). The device fabrication
started with the patterning of the double bottom-gates by electron beam lithography. Then,
a 40 nm-thick layer of aluminum was deposited. An Al2O3 layer of around 4 nm thick is
formed on top of the gates by exposing the substrate to pure oxygen for 30 min at room
temperature [93]. This thin oxide acts as a gate dielectric. A single layer graphene was grown
via CVD on 35nm-thick Cu, following the recipe in Ref. [23]. Afterwards, the graphene was
etched by oxygen reactive ion etching to define the channel. The source and drain contacts
were realized in a two-steps process. First, Cr/Au (5/50 nm) precontacts were deposited on
top of graphene. Then, ohmic contacts were obtained by overlapping 30 nm of pure gold on
top of the Cr/Au and the graphene, near the gate region. Finally, we realized the coplanar
waveguide structure with a Ni/Au film (50/300nm). Figure 5.1(c) shows the scanning electron
microscopy image of the bottom gates covered by graphene. The inset optical image shows a
completed GFET integrated in the coplanar waveguide. The red square indicates the area
occupied by the transistor. The quality of graphene after transfer process was verified by
Raman characterization. Figure 5.1(d) shows Raman spectra obtained from three different
areas of the substrate (SiO2/Si) after the device fabrication process. The ratio of the 2D and
G peak integrated intensities stands around 2.5, which indicates single layer graphene. The
intensity ratio of the D and G peaks is very low, indicating the high quality of the graphene
film after the devices fabrication process.
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Fig. 5.1 a), GFET 3-D illustration. The sketch shows the principle of operation of our opto-
electronic mixer.The mixing of the electrical signal at frequency fRF with the photodetected
signal at frequency fopt generates two signals at the output with different frequency: fopt+fRF

and fopt-fRF . b). Schematic of the cross section of our transistor, which corresponds to c)
SEM image of the transistor with double gate covered by graphene. The metal in contact
with graphene is pure gold. The inset optical image shows the transistor (marked by red
rectangle) integrated with coplanar waveguide transmission line access. The scale bar is
100 µm. d) Two typical Raman spectra of our graphene recorded after device fabrication,
showing high I2D/IG ratio and low ID peak.
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5.3 Experimental setup

The set-up scheme is very similar to the one already presented in Chapter 2 and is shown in
figure 5.2a. The output of a 1.55 µm distributed feedback (DFB) laser was modulated by a
Mach Zehnder modulator (MZM) used in the double sideband suppression carrier (DSB-SC)
mode [31], to obtain a modulated beam at a frequency fopt. The beam was then amplified
with an Erbium-doped fiber amplifier (EDFA). The inset of figure 5.2a shows the laser beam
focused on the transistor channel. The maximum laser power impinging on the sample was 60
mW. The gate and drain of the devices were connected to a vector network analyzer (VNA)
with two high-frequency ACP probes from Cascade. The use of bias tees allowed us to DC
bias the channel and the gate electrode.
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Fig. 5.2 a) Measurement setup. A cw laser is modulated by means of a Mach-Zehnder
modulator (MZM). It is then amplified with an Erbium-doped fiber amplifier (EDFA) and
focused on the graphene-based FET. An AC signal is applied to the gate of the transistor,
and the resulting output (IF) is measured on a vector signal analyzer (VNA). Inset on the
bottom-right corner: an optical image of the device with the laser focused on the channel. b)
Blue line: Source drain current under an applied voltage VDS=200 mV. Red line: photocurrent
generated by a 25 mW laser beam focused on the graphene channel.

5.4 Experimental results

In the following, the complete characterization of a representative device is presented. The
graphene channel width and length are respectively W=24 µm, L=400 nm. The gate length
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is LG = 200 nm. The field effect mobility is µfe =3800 cm2/Vs. This value was deduced
from the transfer characteristic IDS(VGS) recorded at a low bias voltage VDS=10 mV, the
gate capacitance was extracted from S-parameters.
The blue curve in figure 5.2b shows the source-drain current as a function of the gate voltage,
at a source-drain bias VDS=200 mV. The minimum of conductance is reached at gate-source
bias VGS=1.1V, which corresponds to the charge neutrality point voltage (VCNP ). First, the
photoresponse of the transistor was characterized. The device was biased at VDS=200 mV
and illuminated with the laser beam modulated at an optical frequency fopt = 67 GHz.
The photocurrent as a function of gate voltage is shown in the red curve of figure 5.2b,
the optical power was 25mW. A change in the sign of the photodetected signal is present.
Iph is positive and has a local maximum close to the Dirac point voltage. At high doping
(carrier concentration n > 3.5 · 1012cm−2, or VGS − VCNP > 0.5V ), Iph becomes negative.
This behavior, already reported in [3], is typical of biased graphene photodetectors. At low
doping ( n < 3.5 · 1012cm−2), the laser power increases the carrier density in the channel
(photoconductive regime) and the channel resistance decreases. Therefore, the photocurrent
has the same sign as the DC current flowing in the channel due to the DC bias. At high
doping (n > 3.5 · 1012cm−2) the sign of the photocurrent is opposite to the DC current: this
has been attributed to a decrease of the carriers mobility due to an increase of the carrier
temperature caused by the laser power (bolometric regime) [3, 19].
In this experiment, only a fraction (31%) of the optical power of the 2 µm spot diameter
laser power is actually coupled on the active area (W=24 µm and L=400 nm). Considering
this, we measured a responsivity of 0.22 mA/W. A value of 0.4 mA/W was recently reached
on graphene photodetectors coupled with an optical waveguide [66]. This higher value is
justified because coupling with an optical waveguide gives a higher light absorption in the
graphene channel [66].
For VGS=0, the device reaches its maximum photodetection efficiency (photocurrent of -
4.2 10−4 mA). For this gate voltage, the 67 GHz photocurrent was measured as a function
of the DC bias and the optical power. Figures 5.3a and 5.3b plot the photocurrent as a
function of the DC bias (optical power fixed at 40 mW) and of the optical power (fixed
bias VDS=330mV), respectively. It can be noticed that the response is linear in both cases,
as expected for a photoconductor, and already reported in [3]. The frequency response of
the photodetected power has also been measured as a function of the optical frequency fopt

(figure 5.4a). We found a flat response over the whole band that can be investigated by
our VNA, showing that the intrinsic graphene photodetection bandwidth is larger than 67
GHz. In order to operate the device as an optoelectronic mixer (instead of a photodetector),
an RF electrical signal fRF was added to the DC gate bias of the transistor (figure 2.13a).
The frequency fopt was maintained at 67 GHz, while the frequency of the electrical signal
applied to the gate was swept from 2 to 65 GHz. The VNA was used to record PIF , the
transistor power at the intermediate frequency fIF = fopt − fRF . For this device, a maximum
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Fig. 5.3 a)Photocurrent as a function of VDS under an optical beam power of 40 mW. b)
Photocurrent as a function of the optical beam power, at VDS=330 mV.

downconversion efficiency of Peff = −67dB1 was reached at VGS=0.6V. For this optimum
gate bias, figure 5.4b plots the downconversion efficiency as a function of fIF . The device
exhibits a 3dB bandwidth of 19.7 GHz. Figure 5.5a is a 2-dimensional color plot of the 67
GHz photocurrent as a function of the DC gate bias VGS and the source-drain bias VDS .
We then added to the DC gate bias an electrical signal at fRF = 10 GHz. The resulting
downconverted photocurrent at fIF = 57 GHz is plotted against the DC biases VDS and VGS

in figure 5.5b. By differentiating the first 2-dimensional plot in figure 5.5a with respect to
VGS , we obtain a result (figure 5.5c) which resembles the one in figure 5.5b . This can also
be observed in the plot in 5.5d, which plots both values as a function of VGS and for a fixed
VDS = 200 mV. The curves of the downconverted photocurrent and of the derivative of the
photocurrent can be superposed. A scaling factor of approximatively 6 has been applied to
rescale the red curve.

These observations can be explained by carrying out a small-signal analysis, very similar
to what has been done in Section 4.1. Let’s consider the modulated optical power impinging
on the photodetector, Popt = Pcw + Pmodsin(2πfoptt), with Pmod the amplitude of the varying
part of the optical power. The generated photocurrent is proportional to the impinging power
Popt; the proportionality constant is the responsivity R. For our device, R depends strongly
on the gate voltage, as shown in the red curve of figure 5.2b, and is almost independent of
the optical frequency fopt, as it can be seen in figure 5.4a. Therefore, the photocurrent can
be written in the form:

Iph(VGS) = R(VGS)(Pcw + Pmodsin(2πfoptt)) (5.1)
1see equation 2.11 for the definition of Peff
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Fig. 5.4 a)Maximum photodetected power at VGS=0V, VDS=330mV, as a function of the
optical frequency fopt. b) Downconversion efficiency loss at VGS=0.6V, VDS=330mV. In both
plots, the optical power on the graphene channel is 60 mW.

By biasing the gate at a DC voltage V̄GS , and by applying to this terminal a small signal
δVGS

sin(2πfelet), we can write the responsivity as:

R(VGS) = RDC(V̄GS) + δVGS
∆Rsin(2πfelet) (5.2)

where
∆R = β(fele)dR(VGS)

dVGS

∣∣∣
VGS=V̄GS

(5.3)

Here, we include a dependence on the injected electrical frequency through a frequency-
dependent proportionality constant β(fele), as in Section 4.1. The total photocurrent has
four terms:

Iph = RDC(V̄GS)Pcw + δVGS
∆RPcwsin(2πfelet)+

RDC(V̄GS)Pmodsin(2πfoptt) + δVGS
∆RPmodsin(2πfelet)sin(2πfoptt)

(5.4)

The first term in equation 5.4 is the DC photocurrent, the second term describe the DC
photocurrent modulated by the electrical signal. The third term represents the photocurrent
modulated at fopt, shown in figure 5.4a. Finally, the last term of equation 5.4 describes the
optoelectronic mixing. It is usefull to re-write it as it follows:

δVGS
∆RPmodsin(2πfelet)sin(2πfoptt) =

= 1
2δVGS

∆RPmod(cos(2π(fele − fopt)t) − cos(2π(fele + fopt)t))
(5.5)
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Fig. 5.5 a) Photocurrent map as a function of VGS and VDS . b) Downconverted photocurrent
map as a function of VGS and VDS . c) Derivative of a) with respect to VGS . d) Blue curve:
cut of figure b) in correspondence of VDS=200 mV. Red dashed curve: cut of figure c) in
correspondence of VDS=200 mV.
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We recognize the two components at frequencies equals to the difference and the sum
of of input frequencies fele and fopt. The difference fopt-fele is the previously introduced
intermediate frequency fIF .
Equation 5.5 shows that the mixed signal depends exclusively on ∆R i.e. on the derivative
of R with respect to the gate voltage, and not on the value of R itself, in accordance with
the measurements shown in figure 5.5. The value of ∆R is maximum for VGS ∼0.6 V (figure
5.5d) i.e. in a region where the photocurrent changes in sign, as already shown in figure
5.2b. This change in sign of Iph with respect to VGS is essential to have optoelectronic
mixing in graphene transistors, since it is responsible to the change of R with respect to
VGS . Therefore, the sharper is the transition between these two competing phenomena, the
higher is the optoelectronic mixing downconversion efficiency. The control of the transition
between the two different photocurrents could lead to a maximization of ∆R, and in turn to
a maximization of the performances of the presented device.

It was already observed that the device shows a 3dB bandwidth of 19.7 GHz when
operated as a optoelectronic mixer (figure 5.4b). This behavior is mathematically modeled
in the formula 5.3 by including the factor β(fele). To understand the optoelectronic mixing
dependence on frequency fRF and thus on IF (fopt being fixed), one may consider a typical
figure of merit of high frequency transistors, that is the transducer power gain [30], defined
as:

GT = Pload

Pavs
(5.6)

Where Pload is the power delivered to the load and Pavs is the power at the source. GT

coincides with S21 parameter when source and load are matched. This is the case in our
measurement, where the power is delivered from the VNA’s 50 Ω-source and measured on
a 50 Ω receiver. We experimentally verified that the measured downconversion efficiency
(which is, by definition, the transducer power gain GT ) trend is indeed close to the S21

parameters. Thus, an external impedance matching to enhance the S21 parameters could
in turn enhance the efficiency of the device and increase the downconversion efficiency by
maximing the power delivered by the transistor. These results are promising, considering that
the structure has not been optimized yet. Moreover, only a small part of the 24 x 0.4 µm2

channel was illuminated by the 2 µm diameter laser beam. We did not observe any saturation
in the photodetected signal at the highest power available in our setup. Thus, illuminating
a wider channel surface while maintaining the same optical power density should increase
the downconversion efficiency. Moreover, impedance matching can be used to increase both
bandwidth and downconversion efficiency.
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5.5 Chapter conclusions

In conclusion, in this Chapter we demonstrated that a graphene high frequency transistor can
be operated as an optoelectronic mixer for frequencies up to at least 67 GHz. The intrinsic
bandwidth of the device operating as a photodetector exceeds 67 GHz, comparable to the
best measured bandwidth in graphene based devices (>100 GHz) [66, 67]. The bandwidth of
the device operated as an optoelectronic mixer is 19.7 GHz. A simple model, similar to the
one already presented in Chapter 4, is presented to describe the measured downconversion
efficiency.



Chapter 6

Conclusion and perspectives

6.1 Conclusions

This thesis work had as goal the demonstration of optoelectronic mixers based on graphene.
First, a statistical analysis of the technological process used to fabricate graphene devices
has been conducted. This has allowed to individuate the optimal technological steps, using
as quality factors the key parameters that define the performances on our devices: contact
resistance, charge carrier mobility and residual doping. Then we fabricated graphene-based
coplanar waveguides (gCPWs) using the best technological process. Using these RF structures,
we showed how a graphene photodetector can be used to obtain optoelectronic mixing. We
showed that this is achieved by modulating the responsivity of the photodetector itself. This
is possible in biased graphene because the responsivity is directly proportional to applied
channel bias. By doing so, we demonstrated optoelectronic mixing up to 67 GHz. The
statistical study of the RF structures has led to the individuation of the optimal device
geometrical design and operating conditions in order to achieve the best performances.
Using the same design developed in Thales Research and Technology, a device with very
high quality graphene encapsulated in Boron Nitride was fabricated at the École normale
supérieure. It exhibits high mobility and low contact resistance. The performances of
this device define the best downconversion efficiency obtained in graphene-based devices.
Moreover, this device exhibits state-of the art performances used as photodetector.
Finally, we exploited the possibility of using graphene-based RF transistors as optoelectronic
mixers. This work has been done in collaboration with IEMN in Lille, where the sample was
fabricated. We showed that a graphene transistor can be operated as optoelectronic mixer
by modulating the gate voltage, i.e. by switching the photoresponse from the bolometric to
the photoconductive regime. We demonstrated an efficiency in optoelectronic mixing that is
comparable with the first approach which makes use of gCPW.
The key parameters (contact resistance and mobility) impacting the performances of graphene-
based devices still suffer from high dispersion. The experimental methodology of this work
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finds its peculiarity in the extensive use of a statistical approach, which has been possible
thanks to the automation of the measurement set-up that enabled the characterization of
hundreds of devices. We believe that this approach, which is rare in works regarding graphene
applications, is a necessary step in the prospective of a passage between demonstration and
industrialization.

6.2 Perspectives

We have characterized devices based on CVD graphene exhibiting an average charge carrier
mobility around 2500 cm2V−1s−1. We showed that high mobility samples with low contact
resistance can dramatically improve the performances of optoelectronic mixers. Nevertheless,
these two parameters are not the only factors that limit the devices performances. The
vertical illumination of the graphene channel with a laser beam is another important limiting
factor. The absorption of light in graphene is 2.3%. This means that the 97.7% of the
used power does not contribute to the generation of photocurrent in graphene. The use of
integrated photonic waveguides can lead to near total absorption of light in bi-layer graphene
and 60% absorption in monolayer graphene for 100 µm channel width [94], which could
increase the responsivity of graphene phototodetectors by a factor of 40.
The extremely high bandwidth of graphene gCPW could also be exploited to implement
other interesting functions in telecommunications and RADAR systems. For example, high
frequency sampling can be achieved using a pulsed laser. Such photonic sampler (see figure
6.1) can then be implemented for analog-to-digital conversion.

Fig. 6.1 Picture of the gCPW used as photonic sampler



Appendix A

RF Coplanar waveguide design and simulation

The RF Coplanar waveguides employed to demonstrate optoelectronic mixing have been
designed using the software CST Studio Design. The signal-ground lines spacing has been
chosen by taking into account the minimal probes signal-ground inter-distance (which was
100 µm) and the probes pads dimensions. This fixed a maximum distance of 25 µm for the
signal-ground lines spacing. The line impedance value that was closest to 50 Ω corresponded
to the superior limit (25 µm), for a signal width of 60 µm and a ground width of 250 µm.
This is shown in figure A.1. The inset shows the quasi-TEM simulated mode of the waveguide.
The simulated transmission parameters are shown in figure A.2, and are superposed to the

Fig. A.1 Impedance calculation of the CPW as a function of the source-ground gap length

measurement done on some test RF through-line structures realized on a substrate of the same
type used for the fabrication of the gCPW. In our experiments, we applied a voltage to the
substrate in order to obtain a gating effect on the graphene channel. In order to exclude any
change in the transmission parameters not due to the only change in the graphene resistance,
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we performed S-parameters measurements by applying 50 V to the central signal line. The
results are reported in figure A.3. A very small change in the transmission parameter has
been observed.

Fig. A.2 Transmission coefficient of the CPW with a signal-ground spacing of 25 µm, signal
width of 60 µm and ground width of µm. The red curve shows the Simulation results, while
the blue curve shows the measurement.

Fig. A.3 Transmission coefficient of the CPW with a signal-ground spacing of 25 µm, signal
width of 60 µm and ground width of 250 µm under a signal-substrate voltage bias of 0V (red
curve) and 50 V (blue curve).

Calculation of power absorption in the graphene channel

Figure A.4 shows the path of light passing through our device. To calculate the absorbed
power in graphene (A in figure A.4) we used the transfer matrix method ([84, 95]. The needed
material parameters (thickness and refractive index) are listed in figure A.4. A graphene
thickness of 0.34 nm is used, that corresponds to the extension of graphene π orbitals out
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Fig. A.4 Path of light in the gCPW, constituted by a stack of different materials. The orange
arrow indicates the total incident optical power(I), while the green and blue arrows indicate
respectively the reflected (R) and transmitted (T) optical powers. The air and the silicon
substrate thickness were considered as semi-infinite. The materials are indicated in the right
part of the figure, together with the corresponding refractive indexes and thicknesses. These
data were used to simulate the absorbed optical power (A) shown in figure A.5

of plane [96]. Only the refractive index of graphene is complex. We used the extinction
coefficient value found in ref. [97] for non-doped graphene. The other materials (Al2O3, SiO2

and high-resistivity silicon) present no absorption at 1.55 µm wavelength, thus exhibiting a
real refractive index. Figure A.5 shows the calculation of optical absorption as a function of
the SiO2 layer thickness. With a 2µm SiO2 thick layer (our case), the absorption is around
1.8 % of the total incident power (red point in figure A.5). A maximum peak of 3.3 % is
reached at different thickness values.

Fig. A.5 Simulation of the light absorption as a function of the SiO2 layer thickness. In our
devices, the thickness is equal to 2µm (red dot), and the corresponding absorption is around
1.8% of the total incident power.





Appendix B

2" Mask design and devices position

Fig. B.1 2" wafer with all the superposed lithographic masks

Figure B.1 shows the complete lithographic mask used to fabricate the devices on the 2"
wafer. It is composed by 21 squares. The figure summarizes the type od devices contained in
each square. A device is shown in figure B.2. The metal mask level is indicated in orange.
The graphene etching level is indicated in blue. The pink level is used to etch the Al2O3

layer at the end of the process, in order to insure the contact between the probes pads and
the metal lines.
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Fig. B.2 lithographic masks levels.

B.1 Raman Spectrum measurement

Figure S1 shows the Raman spectra of the graphene channel, before and after the overall
lithographic process. The D/G peak ratio in the two spectra is very similar. According to
Raman analysis, the devices fabrication process does not degrade the graphene structural
quality.

Fig. B.3 Raman spectrum before and after the overall fabrication process.



Appendix C

Change in conductivity calculation

Fig. C.1 Experimental scheme for change in conductivity measurement on a four-probe
structure.

The four-probe devices have been used in Chapter 3 to measure the local change in
conductivity of the graphene channel caused by laser excitation. The extraction of this value
is presented in the following. Referring to figure C.1, the total measured resistance, including
the contact resistance can be expressed as:

Rtot = 2Rc + RAC + R + RDB (C.1)

Where RAC and RDB is the resistance of the graphene channel outside the region defined by
the internal probes. We define R̄ = 2Rc + RAC + RDB. So, The current flowing along the
channel can be expressed as:

I = VAB

R̄ + R
(C.2)
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Where VAB is the imposed voltage drop between the points A and B. Then, we express R as:

R = σ−1γ (C.3)

Where σ is the conductivity in the internal region, while γ = l/W , being l=10 µm and W=6
µm in our case (see Paragraph 3.1.1). The voltage drop between the points C and D is:

VCD(σ) = VAB

R̄ + γ
σ

γ

σ
(C.4)

A varying sinusoidal laser excitation at frequency f0 (in our case 700Hz, as specified in 3.2.3)
generates a change in σ, which becomes:

σ = σDC + ∆σ + ∆σsin(2πf0t) (C.5)

Where σDC is the value of conductivity in dark conditions, ∆σ is the non-varying part σ due
to the mean optical power, and ∆σsin(2πf0t) is the varying of part of σ associated with the
varying part of the optical power. The second term is equal to the amplitude of the third
term, since the optical chopper performs a 100% optical power modulation.
if ∆σ is small compared to σ (which is our case), the voltage drop between the internal
contacts under laser excitation can be expressed as:

ṼCD(σ) = VCD(σDC + ∆σ) + ∆σ
dVCD(σ)

dσ

∣∣∣
VCD(σ)=VCD(σDC+∆σ)

sin(2πf0t) (C.6)

The same can be done for I:

Ĩ(σ) = I(σDC + ∆σ) + ∆σ
dI(σ)

dσ

∣∣∣
I(σ)=I(σDC+∆σ)

sin(2πf0t) (C.7)

The constant parts of equation C.6 is read by the SMU connected to the internal contacts(MA).
The constant part of equation C.7 is read by the SMU connected to the external contacts(MB).
The magnitude of the varying part of equation C.6 is read by the Lock-In amplifier(MC).
The three unknowns [R, σDC , ∆σ] are so found by solving the system of equations:

VCD(σDC + ∆σ) = MA (C.8)

∆σ
dVCD(σ)

dσ

∣∣∣
VCD(σ)=VCD(σDC+∆σ)

= MB (C.9)

I(σDC + ∆σ) = MC (C.10)



Appendix D

List of acronyms

ALD athomic layer deposition
CNP charge neutrality point
CPW coplanar waveguide
CVD chemical vapour deposition
DFB distributed feedback
DSB-SC double sideband-suppressed carrier
DUT device under test
EFDA Erbium-doped fiber amplifier
gCPW graphene coplanar waveguide
GFET graphene field-effect transistor
IF intermediate frequency
IR infrared
LNA low-noise amplifier
LO local oscillator
MZM Mach-Zehnder modulator
OEM optoelectronic mixing
OSA Optical spectrum analyzer
PMMA poly methyl-methacrylate
RF Radio frequency
SMU source measure unit
TLM transfer length method
VNA vector signal analyzer
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ABSTRACT 

Since the first experiment performed in 2004 by Andrej Geim et Konstantin Novosëlov, graphene has been 
extensively studied in the field of photonics and optoelectronics. Its extraordinary properties include very 
high charge carrier mobility and light absorption in a wide spectrum of wavelengths, including the 

telecommunication wavelength (1.55 μm). This properties make this material very appealing for the 
realization of optoelectronic devices used in RADAR and telecommunications. Moreover, since graphene 
can be integrated the standard silicon technological platform, it has the potential to substitute III-V 
materials. The application domain of graphene-based devices and components has considerably grown 
during the last years. Nevertheless, since the key parameters impacting the performances of graphene-
based optoelectronic devices are still not properly controlled, the number of applications at the industrial 
scale remains very limited. In this thesis work, optoelectronic mixing, a very used function in RADAR and 
telecommunication systems, is demonstrated by using graphene-based devices. First, we performed a 
statistical study of charge carrier mobility, residual doping and contact resistance. This study allowed to 
identify the best technological process and the best characterization methods (choice of the test devices 
and of the parameters extraction methods). By using this optimized procedure, we realized the first 
demonstration of a high frequency optoelectronic mixer based on graphene. Then, an in-depth study of 
several RF devices with different geometries allowed to identify the best operation conditions and the 
best design. Using the designed coplanar waveguides as well as an alternative method relying on high 
frequency based RF transistors, the optoelectronic mixing in graphene has been demonstrated up to 67 
GHz. The majority of this work has been conducted using statistical methods. To do so, I implemented a 
automatized experimental set-up which enabled the study of a considerable number of devices. This 
approach has proven to be essential for controlling and optimizing the technological process in the 
perspective of an industrial development. 

MOTS CLÉS 

Graphene, optoélectronique microonde, mélange opto-électronique 

RÉSUMÉ 

Depuis les premières expérimentations effectuées en 2004 par Andrej Geim et Konstantin Novosëlov, le 
graphène a été largement étudié dans le domaine de la photonique et de l’optoélectronique. Ses 
extraordinaires propriétés incluent une très grande mobilité des porteurs de charge et une absorption 
large bande y compris à la longueur d’onde typique des télécommunications (1.55 μm). Ces propriétés 
rendent ce matériau très prometteur pour les composants optoélectroniques utilisées dans les RADAR ou 
pour les télécommunications. En outre, comme le graphène peut être intégré sur une plateforme silicium, 
il apparait comme un potentiel substitut aux matériaux III-V. 
Le domaine d’application des composants à base de graphène a considérablement augmenté au cours de 
ces dernières années. Néanmoins, comme les paramètres clés impactant les performances des dispositifs 
optoélectroniques basé sur le graphène ne sont pas encore bien contrôlés, le nombre d’implémentations 
à l’échelle industrielle reste toujours très limité. Dans ce travail de thèse, le mélange optoélectronique, 
une fonction très utilisée dans les systèmes RADAR et de télécommunications, est démontré avec des 
dispositifs basées sur le graphène. Dans un premier temps, nous avons effectué une étude statistique de 
la mobilité des porteurs de charge, du dopage résiduel et des résistances de contact. Cette étude a permis 
d’identifier le meilleur procédé technologique et les meilleures méthodes de caractérisation (choix des 
composants de test et des méthodes d’extraction des paramètres). En utilisant ce procédé optimisé, nous 
avons réalisé la première démonstration d’un mélangeur optoélectronique hyperfréquence basé sur le 
graphène. Puis, une étude approfondie de nombreux dispositifs RF avec différentes géométries a permis 
d’identifier les meilleures conditions opératives et le meilleur design. A l’aide de lignes coplanaires mais 
aussi de transistors hyperfréquence à base de graphène, nous avons démontré le mélange 
optoélectronique à des fréquences allant jusqu’à 67 GHz.  Ce travail a été principalement mené en 
utilisant des méthodes statistiques. A cette fin, j’ai développé une mesure automatisée qui a permis de 
mesurer et d’étudier un nombre considérable de dispositifs. Cette approche s’est avérée essentielle pour 
contrôler et optimiser le processus technologique dans la perspective d’un développement industriel. 

KEYWORDS 

Graphene, microwave optoelectronics, optoelectronic mixing,  
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