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Abstract

Owing to its unique electrical and mechanical properties, the 2D quantum material graphene has attracted
enormous interest for both, fundamental research and technological applications. However, graphene has
some drawbacks, like the absence of an electronic band gap which leads to only small gate switching ratios,
and its fast carrier recombination that limits its use in optoelectronics. In order to overcome these issues, the
aim of this thesis was to tune the properties of graphene by two different modification approaches. The first
approach involved chemical functionalization to create lateral graphene heterostructures, whereas the second
approach was directed toward vertical heterostructures that combine graphene with another 2D material or an
ultrathin metal layer.

For the lateral heterostructure fabrication, two novel chemical functionalization methods were investigated.
The first method relied upon hyperthermal molecular ion collisions with 4,4´-azobis(pyridine). This one-step
protocol enabled the covalent functionalization of CVD graphene with a functionalization degree of up to
3%, as demonstrated by Raman spectroscopy in combination with XPS. AFM studies revealed that even the
heavily functionalized sheets retain their topographic integrity. Thus obtained stripe-like patterns of covalently graphene within extended graphene sheets enabled enhanced on/off ratios upon gate switching. In the
second functionalization scheme, the strong oxidizer OsO4 was used to selectively introduce hydroxyl groups
to graphene. Best results were obtained when the reaction was performed under UV light activation, which
yielded graphene of high covalent functionalization degree, as concluded from its optical transparency and
gate-induced on/off switching ratios of up to 500 at low temperature. Temperature dependent electrical
measurements revealed 2D hopping as the dominant transport mechanism in the functionalized sheets.

As the first type of vertical heterostructure, graphene-TiOx-Ti diodes were fabricated and their electrical
properties in the dark and under visible light illumination studied in detail. In contrast to conventional metalinsulator-metal (MIM) diodes, the performance of the graphene-based diodes was found to increase with
decreasing thickness of the oxide insulator. Bias-induced modulation of the work function of graphene was
identified as the key to the operation mechanism of the graphene diodes, enabling them to reach a very high
asymmetry and nonlinearity of up to 9000 and 8, respectively. Combined with their ability to maintain a
large on-current of 0.1 A/cm2 at 1 V, the diodes compete well with state-of-the-art MIM diodes. Furthermore, the graphene-TiOx-Ti diodes could be operated as photovoltaic cell, with a maximum open-circuit
voltage of 0.3 V and a short-circuit photocurrent of 14 nA under global illumination by a green light.
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This finding constitutes the first proof-of-principle of hot carrier extraction from graphene, based on the photovoltaic effect.

The second type of vertical heterostructures was based on black phosphorus, a 2D material exhibiting p-type
doping character. As a first step, thin black phosphorous sheets were combined with n+-GaAs into novel pn
heterojunction devices. They displayed pronounced rectification behavior that, in the low bias regime, approaches that of ideal diodes. Moreover, when operated as photodiodes they reached external quantum efficiencies (EQE) of up to 10% under zero bias, and above 30% under higher reverse bias. On this basis, the
black phosphorous was then combined with graphene into a p+/p heterojunction. Thus obtained devices
achieved a maximum internal quantum efficiency (IQE) and responsivity of 13% and 10.7 mAW-1, respectively. This IQE is the highest thus far reported for diodes comprising black phosphorous and another 2D
material. Moreover, with the aid of a top gate it was possible to modulate both, the photo-conversion efficiency and photocurrent generation mechanism of the black phosphorous-graphene diodes. Together with the
possibility to tune the photocurrent response by the thickness of the black phosphorous, these diodes emerge
as promising photodetectors.

In summary, the findings of this thesis work testify that chemical functionalization and the formation of van
der Waals heterostructures are viable routes to tailor the electronic properties of graphene, and thereby to
expand the application range of graphene-based electronic or optoelectronic devices.

Keywords: Graphene, Electrospray Ionization, Black Phosphorus, 2D materials, Photovoltaic Cells, Field
Effect Transistors.

iii

Zusammenfassung

Graphene hat aufgrund seiner einzigartigen elektrischen und mechanischen Eigenschaften enormes Interesse
geweckt sowohl für die Grundlagenforschung als auch für praktische Anwendungen. Aber auch Graphen
besitzt Nachteile, zum Beispiel die Abwesenheit einer elektronischen Bandlücke, wodurch die elektrische
Leitfähigkeit des Graphens nur schwach schaltbar ist, sowie die sehr schnelle Ladungsträgerrekombination,
welche seine Anwendung in der (Opto)elektronik einschränkt. Zur Überwindung dieser Einschränkung setzte
sich die vorliegende Arbeit zum Ziel, die Eigenschaften von Graphen mittles zweier unterschiedlicher Modifikationsstrategien kontrolliert einzustellen. Der erste Ansatz beinhaltet chemische Funktionalisierung zur
Gewinnung lateraler Graphen-basierter Heterostrukturen, während der zweite Ansatz die Herstellung von
vertikalen Heterostrukturen umfasst, in welchen Graphen mit einem anderen 2D Material oder einer ultradünnen Metallschicht kombiniert ist.

Für die Herstellung der lateralen Heterostrukturen wurde zwei neuartige chemische Funktionalisierungsmethoden entwickelt. Die erste Methode nutzte die Kollision hyperthermaler Ionen aus dem Molekül 4,4‘Azobis(pyridin). Sie gestattete die kovalente Funktionalisierung von CVD Graphen in einem Schritt mit
einem hohen Funktionalisierungsgrad von bis zu 3%, wie mittels Raman Spektroskopie und Photoelektronenspektroskopie nachgewiesen werden konnte. Rasterkraftmikroskopie

Untersuchungen ergaben, dass

selbst das am stärksten funktionalisierte Graphen seine strukturelle Integrität bewahrte. Auf diese Weise
erzeugte Streifenmuster von kovalent funktionalisiertem Graphen innerhalb eines Graphenblatts zeigten eine
verstärkte elektrische Schaltbarkeit unter Gate-Kontrolle. Die zweite Funktionalisierungsmethode verwendete das starke Oxidationsmittel OsO4 verwendet, um das Graphen selektiv mit Hydroxylgruppen auszustatten.
Beste Ergebnisse wurden erzielt, wenn die Reaktion unter Aktivierung mit UV-Licht erfolgte. Die optische
Transparenz und die Gate-gesteuerte elektrische Schaltbarkeit mit einem Ein/Aus-Verhältnis von bis zu 500
belegen einen hohen Funktionalisierungsgrad. Aus temperaturabhängigen elektrischen Messungen konnte
geschlossen werden, dass der Ladungstransport in den funktionalisierten Monolagen bevorzugt über einen
zweidimensionalen Hüpfmechanismus erfolgt.

Als erste Art von vertikalen Heterostrukturen wurden Graphen-TiOx-Ti Dioden hergestellt, deren elektrische
Eigenschaften im Dunkeln und unter Beleuchtung mit sichtbarem Licht im Detail studiert wurden. Im Gegensatz zu konventionellen Metall-Isolator-Metall (MIM) Dioden, stieg die Leistungsfähigkeit der Graphenbasierten Dioden mit Verringerung der Dicke der Oxidschicht. Der Operationsmechanimus der Graphendioden konnte auf die Modulierung der Austrittsarbeit des Graphens durch die angelegte Biasspannung zurück-
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Zusamenfassung

geführt werden. Somit erreichen die Bauelemente eine sehr große Asymmetrie von bis zu 9000, sowie eine
sehr hohe Nichtlinearität von 8. Kombiniert mit der Tatsache, dass sie einen sehr hohen Ein-Strom von 0,1
A/cm2 bei 1 V erreichen, sind die Dioden konkurrenzfähig zu aktuellen MIM Dioden. Darüber hinaus konnten die Graphen-TiOx-Ti Dioden als photovoltaische Bauelemente betrieben werden, die eine Leerlaufspannung von 0,3 V und einen Kurzschlussstrom von 14 nA unter globaler Beleuchtung erreichen. Diese Beobachtung liefert den ersten Beleg für die Extraktion heisser Ladungsträger aus Graphen auf Basis des photovoltaischen Effekts.

Die zweite Art von vertikalen Heterostrukturen basierte auf schwarzem Phosphor, ein 2D Material das pdotiert ist. Als erster Schritt wurden dünne Schichten aus schwarzem Phosphor mit n+-GaAs zu einer neuartigen pn Heterostruktur vereint Diese Bauelemente zeigten eine ausgeprägte Gleichrichtung, welche für
kleine Spannnungen einem idealen Diodenverhalten nahe kommt. Als Photodioden betrieben erreichten sie
zudem eine externe Quanteneffizienz von bis zu 10% ohne Biasspannung, und mehr als 30% unter größerer
Sperrspannung. Darauf aufbauend wurde der schwarze Phosphor mit Graphen zu einer p/p+ Heterostruktur
kombiniert. Die erhaltenen Bauelemente erreichten eine maximale interne Quanteneffizienz von 13% sowie
eine maximale Responsivität von 10,7 mA/W. Diese Effizienz ist die höchste, die bisher für Dioden bestehend aus schwarzem Phosphor und einem anderen 2D Material dokumentiert wurde. Zudem gelang es mithilfe eines Topgates sowohl die Effizienz der photoinduzierten Ladungstrennung als auch den zugrundeligenden Mechanismus der Photostromerzeugung der schwarzer Phosphor/Graphen-Dioden zu beeinflussen.
Durch die zusätzliche Möglichkeit, den Photostrom durch die Dicke der schwarzen Phosphor Schicht zu
kontrollieren, sind die Dioden viel versprechend als neuartige Photodetektoren.

Die Ergebnisser der vorliegenden Arbeit belegen eindrücklich, dass die chemische Funktionalisierung von
Graphen und der Aufbau von van der Waals Heterostrukturen es gestatten, die elektronischen Eigenschaften
von Graphen einstellen zu können, und somit den Anwendungsbereich von Graphen-basierten elektrischen
oder optolelektronischen Bauelementen zu erweitern.

Stichworte: Graphen, Elektrospray-Ionisation, schwarzer Phosphor, 2D-Materialien, Solarzellen, Feldeffekttransistoren
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Chapter 1

Introduction

The use of electronic and optoelectronic devices such as smartphones, tablets, video imaging, optical

communications, biomedical imaging, night-vision, and many more, is an essential part of our daily lives.
Moreover, in the near future a whole plethora of “smart” electronic devices and technologies like autonomous cars, holographic TV, and lab-on-a-chip will join this scenario. This trend stimulates an increasing
interest in high performance energy converting and saving electronic devices. At the current rate of expansion, we are already facing fundamental limitations for both electronic and optoelectronic devices. For
instance, the further development of electronic transistors is facing the limit of Moore’s law, (stating that the
number of transistors in a dense integrated circuit doubles approximately every two years) due to thermodynamic, thermal, and other fundamental limitations.1 Another example, in the area of photovoltaics, is the so
called Shockley-Queisser limit (the maximum solar conversion efficiency is approximately 33.7% due to
spectrum losses, blackbody radiation and recombination).2 In the past few years, two-dimensional (2D)
quantum materials and their heterostructures have emerged as particularly promising components of novel
devices that are ultimately small and offer improved speed and stability.

In this context, graphene, an atomically thick sheet made exclusively of carbon atoms, has attracted enormous interest due to its unique electrical and mechanical properties3 since its first experimental isolation
almost a decade ago. The range of both fundamental and practical applications envisioned for this outstanding 2D material is still further expanding.4 Graphene is not only an excellent electrical and thermal conductor, but also represents the world’s thinnest, strongest and stiffest material.5 Its great technological potential
has already been demonstrated in touch screens, capacitors, spintronic devices, fuel cells, batteries, sensors,
transparent conductive films, high-frequency circuits, toxic material removal, molecular electronics, energy
storage and conversion, as well as flexible electronics.5–7
Graphene displays an ultrahigh electron mobility of up to 500000 cm2 v−1 s−1, as has been documented for
suspended sheets at low temperature.8 It also possesses a large specific surface area of 2630 m2 g-1, a
remarkable Young’s modulus of 1.0 TPa,9 and an impressive thermal conductivity of 5000 Wm−1 K−1. Graphene also shows remarkable optical properties. For example, when deposited on an appropriate substrate, it
can easily be discerned under an optical microscope, despite being only a single atom thick.10,11 Furthermore,
it exhibits linear optical absorption (scales with the number of layers).12 Of special relevance for optoelectronic applications, graphene shows a broadband photon absorption as well as a phonon bottleneck for elec-
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trons with low energies (<200 meV).13–15 This endows graphene with excited or hot carriers with longer lifetimes than in normal metals,16 which facilitates their extraction before they relax to the Fermi level.

There are several established approaches to obtain well-defined graphene sheets, including the micromechanical or chemical exfoliation of graphite, chemical vapor deposition (CVD) growth, ultrasonic exfoliation,
unzipping of carbon nanotubes, or the chemical, electrochemical, thermal, or photocatalytic reduction of
graphene oxide.17,18 Graphene is chemically inert and robust, allowing it to maintain its structural integrity
even at higher temperatures in air (defects emerge above approximately 500°C)19, and at low and high pH
values in aqueous solution.20

Among the numerous exciting features of graphene, it’s band structure the most remarkable (Fig. 1.1). Graphene is a semi-metal or zero-gap semiconductor, with a linear band dispersion at low energies, resulting in
massless carriers that behave like relativistic particles described by the Dirac equation. The conduction and
valence bands meet at the six Dirac points (charge neutrality points).21 The zero band gap of graphene enables efficient tuning of the carriers from electrons to holes by electrostatic gating. However, this property at
the same time constitutes the biggest drawback of graphene for optoelectronic device applications. In fact,
graphene transistors exhibit only low on/off ratios of ≈5,22 which prevents switching the devices into an offstate of minimal drain current leakage, leading to excessive power dissipation. According to the International
2012 (upgrade) Technology Roadmap for Semiconductors (ITRS), the off-current in graphene transistors
needs to be reduced by at least four orders of magnitude to make them suitable for logic operations.23 This
limitation has stimulated an enormous amount of research into opening a band gap in graphene, for instance
by chemical functionalization, in order to make it useful for integrated electronic circuits.24,25

Figure 1.1. a) Band dispersion of graphene, with six Dirac points at the K points of the Brillouin zone. b) The
linear energy dispersion centered around a single Dirac point. Figure adapted from ref. 25.
Introducing a sizable band gap in graphene by chemical modification requires covalent bond formation to
remove π-bonded electronics states. To this end, different types of atoms or molecules have been used,
ranging from hydrogen atoms to large organic polymers. The stoichiometric modification of graphene with
hydrogen (graphane) and fluorine (fluorographene) is expected to result in insulating behavior with theoreti2
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cal band gaps exceeding 3 eV.

26,27

However, thus far realized graphane samples proved to be quite disor-

dered, such that the major effect observed was merely a reduction of carrier mobility. In general, a reproducible and scalable functionalization approach to induce a sizeable band gap and correspondingly high on/off
ratio has not yet been experimentally demonstrated for graphene.28 In order to avoid excessive conductivity
or mobility degradation, attempts have been made to locally restrict the covalent functionalization.5,17

An alternative option to open a band gap is to pattern graphene into graphene nanoribbons (GNRs), whereby
band gaps of up to 0.5 eV26,29 have been obtained. In addition, substrate interactions like, for instance, those
between epitaxial graphene and silicon carbide, have been reported to introduce a band gap (in this case, up
to 0.26 eV).30 Another strategy to tune the electronic properties of graphene without compromising the carrier mobility involves vertical heterostructures, made layer-by-layer in a precisely chosen sequence. Such van
der Waals heterostructures31 have attracted increasing attention in the past few years, encouraged by the discovery of more than a dozen different 2D crystals with a wide range of properties31. An important milestone
was the achievement of high mobility on the order of 105 cm2 V-1s-1 in graphene encapsulated between two
hexagonal boron nitride (hBN) sheets.27

The non-covalent attachment of 2D crystals to graphene via van der Waals bonds is a versatile approach to
modulate the electronic and opto-electronic properties of graphene, as testified by the significant progress
that has recently been made in this direction.31 Suitable 2D crystals span a wide range of electronic materials
with intriguing properties like topological insulator behavior,32 superconductivity,27 catalytic properties,33
thermoelectricity34 and ferromagnetism.35 In this manner, the application scope of graphene can be strongly
expanded in the form of novel materials with specifically tailored properties. Paraphrasing Geim and
Grigorieva: “this atomic scale Lego works exceptionally well, better than one could have imagined”.31

The use of graphene-based heterostructures in photovoltaic devices has attracted particularly strong attention.36,37 Along this line, efforts have been directed to exploiting hot carriers in graphene.38–43 However, in
most of the devices the photo-thermoelectric effect dominates over the photovoltaic effect,38,39 such that due
to the small Seebeck coefficient of graphene yields only very small photo-voltages on the order of few hundreds of microvolt.39 For instance, photo-signals generated at graphene-metal junctions show predominantly
thermoelectric contributions with only a small photovoltaic contribution.40,43–45

The goal of the present thesis has been to controllably tune the electronic properties of graphene through its
implementation into two different types of heterostructures, in particular (i) lateral heterostructures obtained
by chemical functionalization of graphene, and (ii) vertical heterostructures wherein graphene is combined
with another 2D material or a thin metal layer for hot carrier extraction. The lateral graphene-based heterostructures are fabricated by two novel functionalization schemes, specifically a special type of oxidation
3
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reaction and the use of hyperthermal reactions. In the vertical graphene-based heterostructures, graphene is
combined with a sheet of black phosphorous in order to create a photodetector. As another type of heterostructure, graphene-titanium oxide-titanium diodes have been realized, enabling the extraction of hot carriers
from graphene.
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Chapter 2 Electrical and chemical properties
of graphene and its heterostructures
2.1

Structural and electrical properties of graphene

Carbon is the fourth most abundant element on earth and the basis of all organic and organometallic

chemistry. Due to its ability of forming different kinds of carbon-carbon bonds it exists as different allotropes, whose physical and chemical properties strongly depend on their dimensionality.46 Among these systems, graphene, the 2D allotrope, has often been called the “mother” of all the other allotropes, as they can
be obtained by wrapping, rolling or simple stacking of graphene.46,47

Graphene is a one-atom-thick planar sheet of carbons arranged into a honeycomb lattice, as depicted in Fig.
2.1a. The carbon atoms form a sp2 hybridized network with three nearest neighbors, each at a distance of
1.42 Å, leaving one un-hybridized half-filled p-orbital perpendicular to the graphene plane for every
carbon.48 The finite termination of graphene results in two possible edge geometries, namely zigzag and
armchair, as shown in Fig. 2.1b. The two types of endings show quite different electronic properties. Zigzag
edges display a sharp density-of-states peak at the Fermi energy rendering them always a metallic behavior
while armchair edges also can present semiconductor behavior. From the chemical point of view zigzag edges are more reactive than armchair.49,50

Figure 2.1. a) Schematic representation of the honeycomb lattice of graphene. b) Two different graphene
endings, armchair (upper image) and zigzag (lower image). c) Real and reciprocal lattice structure of graphene. The first Brillouin zone comprises the high symmetry points Γ, M, K and K´.
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The unit cell of graphene is a rhombus with a basis of two non-equivalent carbon atoms denoted as A and B
(Fig. 2.1c). The real space (a1, a2) and reciprocal space (b1, b2) lattice vectors are given by:
𝑎
�3, √3�,
2
2𝜋
𝑏1 =
�1, √3�,
3𝑎

𝑎
�3, −√3�
2
2𝜋
𝑏2 =
�1, −√3�
3𝑎

a1 =

a2 =

where 𝑎 is the distance between neighboring carbon atoms (1.42 Å).46 The density of carbon atoms is

39 nm−2 (equivalent to 3.9·1015 cm−2). Of particular importance for the physics and especially for the elec-

tronic properties of graphene are the two reciprocal lattice points K and K´ (also known as the Dirac points),
as will be explained in the following section.

2.1.1 Electronic properties

As a consequence of graphene’s hexagonal lattice structure (Fig. 2.1c), its first Brillouin zone has

two inequivalent points, the so-called Dirac points, which touch each other at a single point (Fig. 1.1). Their
name derives from the linear band structure described by the Dirac equation for massless Fermions.51 Using
the tight-binding Hamiltonian52, which considers only the first nearest neighbor interaction, to calculate the
dispersion relation of the electrons near the two Dirac points (K, K´), yields the following band dispersion:
𝐸± �𝑘�⃗ � = ±𝜏�1 + 4 cos

𝑘 𝑎
√3𝑘𝑥 𝑎𝑖
cos 𝑦2 𝑖
2

+ 4 cos 2

𝑘𝑦𝑦 𝑎𝑖
2

(2.1)

where 𝑎𝑖 = √3𝑎 and 𝜏 is the transfer integral (hopping energy between nearest neighbors, with a typical

value of 2.9-3.1 eV)36. Expanding equation (2.1) near the Dirac points leads to the following dispersion for
low energies:
𝐸± (𝑞⃗) ≈ ±ħ𝜈𝐹 |𝑞⃗|

(2.2)

where 𝑞⃗ is the momentum relative to the Dirac point, ħ is Planck´s constant h divided by 2π, and 𝜈𝐹 is the

Fermi velocity (≈ 1⋅106 ms-1). This makes graphene a zero band gap semiconductor with massless Dirac quasiparticles. The electronic band structure and Dirac electrons impart outstanding properties on graphene,
including an ambipolar electric field effect,51 tunable carriers9, high carrier mobilities,8 as well as ballistic
charge transport on the sub-micrometer scale.53 Its exceptional properties have led to the hope that graphene
might in the future replace silicon in electronics, for instance as component of field-effect transistors, as will
be explained in section 2.3.
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2.1.2 Optical properties

Based upon its zero band gap graphene is expected to absorb photons of all frequencies from the vis-

ible to the infrared, rendering it of interest for light-electricity conversion. Experimentally, absorption of
photons with energies smaller than 0.2 eV has been detected.54 The absorbance can be tuned by the carrier
concentration in graphene and the temperature.55

Furthermore, due to its massless fermions, a freestanding graphene monolayer possess a universal value of
optical conductance56 in the visible frequency range equal to:
𝑒2

𝜎0 = 4ħ ≈ 6.08 𝑥 10−5 𝛺−1

(2.3)

Applying the Fresnel equation in the thin-film yields:

𝜎

𝑇 = (1 + 0.5𝜋𝜋)−2

(2.4)

where 𝛼 = (𝜋𝜀0 𝑐) . Combining the two equations above gives an optical transmittance of ~97.7% of the inci0

dent light. As graphene reflects less than 0.1% in the visible range, the optical absorption of a graphene
monolayer is obtained to 2.3%, a significant value for a material that is only one atom thick. The absorption
strength increases linearly with the number of layers, such that the graphene thickness (number of
monolayers in a sheet) can easily be determined using an optical microscope.57 As briefly mentioned before,
the optical transmission of graphene can be tuned by doping. This is enabled by the low density of states near

the Dirac point, due to which a Fermi level shift causes a significant change of the charge density, which in
turn modulates the transmission of the material.9

In contrast to conventional semiconductors, phonon scattering is expected to play an important role in graphene due to the lack of a band gap. Correspondingly, the excited carrier lifetimes in graphene are very
short, and depend on its structural quality and carrier concentration.13,58 Two major relaxation processes have
been identified by time-resolved measurements. The faster one, associated with electron-electron intra-band
collisions and phonon emission, occurs on the order of hundreds of femtoseconds, while the slower (hundreds of picoseconds) one is related to electronic inter-band relaxation and cooling of hot phonons.15,59,60

2.2

Chemical functionalization of graphene

The chemical functionalization of graphene has received enormous interest in the scientific com-

munity due to the possibility to control its electronic properties, as well as enabling its use in chemical sen9
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sors or molecular electronics.61 The covalent attachment of atoms or molecules causes re-hybridization of the
carbon atoms from the planar sp2 to the non-planar sp3 hybridization. In principle, the attachment can occur
at both faces of the sheet, as well as at the sheet edges, the latter of which are usually more reactive than the
basal plane. The chemical reactivity of the edges has been predicted to depend on their structure. For
instance, according to theory zigzag edges are more reactive than armchair ones.62 With respect to the basal
plane, site-dependent of reactivity has been revealed on the basis of the ionization energy (Fig. 2.2).63 In Fig.
2.2, it is illustrated for a smaller graphene model system, how defects increase the chemical reactivity with
respect to the corresponding intact structure.

Figure 2.2. Theoretical local ionization energies in dependence of the carbon bonding configuration. Figure
adapted from ref. 63.
In the following sections, the major types of covalently functionalized graphene are described.

2.2.1 Hydrogenated and fluorinated graphene

Covalent linkage of hydrogen atoms to graphene results in a new material called graphane (for full

coverage).64 Graphane is predicted to have a band gap of about 3.5 eV. In the first experimental report of
hydrogenated graphene,65 electrically behavior was observed at low temperatures. At room temperature, the
charge neutrality point was observed to shift to a gate voltage of +50 V, indicative of hole doping with a
concentration on the order of 3.1012 cm−2.
Experimental studies on graphene with a controlled amount of attached hydrogen66 have shown mobility
decrease proportional to the coverage of modified atoms on the graphene plane (Fig. 2.3). Specific type of
hydrogenated graphene has been predicted by theory to behave as ferromagnetic semiconductor with a small
indirect gap. In the special case of half-hydrogenation, breaking of the delocalized π-bonding network of
graphene leaves the electrons unpaired and localized in the non-hydrogenated carbon atoms.67
10
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Figure 2.3. a) Sketch of the chemical structure of graphane. b) Electrical resistance vs. (Vg-VDirac) with increasing hydrogenation time (0, 5, 10, and 15 s) for a graphene sheet (dashed black lines) and GNRs (red
lines). c) Carrier mobility vs. percentage of hydrogenated sites. d) Resistivity (R) vs. VBG for partially hydrogenated graphene as a function of temperature. Figure adapted from refs. 64,66.
Another chemical derivative of graphene is the so-called fluorographene, whose synthesis was first reported
in 2010.68 Since then, several studies have shown that the electrical character of fluorographene ranges from
semi-metallic to insulating, depending on the stoichiometry. Theoretical calculations predict that partial
fluorination allows tuning of the band gap from 0.8 to 2.9 eV, and that the resistivity can reach values as high
as 1012 Ω.m. 68,69
A recent study of fully fluorinated graphene reported a band gap of 3.8 eV, the highest value so far reported
for any functionalized graphene.70 Fluorine chemisorption also dramatically changes the optical properties of
graphene (rendering it transparent).70 However, the high reactivity of fluorine against silicon and its toxicity
pose major obstacles in the implementation of fluorographene for electronic devices.

2.2.2 Graphene oxide

Graphene oxide (GO) consists of a single-layer of graphite oxide and is usually produced either by

oxidation of graphene monolayers, or oxidation of graphite using strong acidic media or ozone5, followed by
dispersion and exfoliation in water or organic solvents. The resulting GO comprises randomly distributed
11
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intact graphitic regions, interspersed with oxygenated regions. The oxygenated functional groups have been
identified to be mostly hydroxyl and epoxy groups on the basal plane, with smaller amounts of carboxyl,
carbonyl, phenol, lactone, and quinone motifs at the sheet edges.71–73

Theory suggests the possibility of creating and tuning the electronic band gap of GO by varying the oxidation level.5,17,74 However, owing to its ill-defined structure and composition, GO is less suitable for electronic
applications, since the density of oxygenated groups can strongly affects its electronic, mechanical, and electrochemical properties, and it is very difficult to precisely control the specific stoichiometry.
It is noteworthy that GO exhibits several intriguing properties,17,75 such as photoluminescence, ultrafast optical dynamics, nonlinear optical properties and electrocatalytic activity. GO can furthermore serve as a precursor to graphene or as starting basis for more elaborate graphene derivatives through the covalent attachment of organic groups to its surface. Chemical reduction of GO by various means removes the oxygen
groups and restores most of the sp2 carbons.76,77 However, the reductive treatment is not able to completely
remove all oxygen groups and defects still remain.

2.2.3 Graphene with covalently organic groups

Much work has also been devoted to the covalent attachment of organic molecules to the carbon

framework of graphene. This may open a wide range applications, including the detection of biomolecules,
pH sensors, and waste management, for example.5,17,77 Two major approaches are commonly used for this
purpose, specifically (i) covalent bond formation with free radicals or dienophiles, and (ii) the formation of
covalent bonds between organic molecules and the oxygen groups of GO. In free radical reactions,
peroxides78 or diazonium salts79 are often used (Fig. 2.4a,b). Another option is the addition of nitrenes
generated from azides (Fig. 2.4c).80

Figure 2.4. Examples of covalent functionalization of graphene via radical/nitrene addition, making use of a)
a peroxide, b) a diazonium salt, and c) an azide compound. Figure adapted from refs.78–80.
12

Chapter 2 Electrical and chemical properties of graphene and graphene heterostructures

2.3

Raman spectroscopy of graphene

Raman spectroscopy is one of the most widely used and powerful characterization methods for

graphene.81 It gives valuable information about the quality and quantity of layers, as well as the stacking
order, electron-phonon coupling, doping levels, the presence of mechanical strain and, in the case of graphene nanoribbons, edge chirality.82–84 Three major peaks (D, G and 2D), whose underlying scattering
mechanism is illustrated in Fig. 2.5, emerge in the Raman spectrum of single layer graphene (SLG), multilayer graphene (MLG) and graphite.

Figure 2.5. The characteristic Raman peaks of graphene and their underlying scattering mechanisms including (from left to right) the G-band, the D- and D’-band, and the 2D band. The latter can arise from a doubleor triple-resonance, two photon process. Figure adapted from reference 83.
The G peak at ≈1582 cm-1 is associated with the doubly degenerate in-plane transverse and longitudinal optical phonon modes (E2g) at the Γ-point in the Brillouin zone.82,83 This peak is independent of the number of
layers, although it is sensitive to doping and strain.81,85 The 2D peak (at ≈2700 cm-1) is the D peak overtone,
originating from a second-order process involving two in-plane vibrations near the K point. The 2D peak is
especially relevant because it enables determining the manner of stacking, as well as the number of layers
(mostly based on the number of Lorentzians needed to deconvoluted the peak; SLG exhibits only one peak
with a full-width half maximum -FWHM- of ≈25 cm-1).81,82 The D peak, located at ≈1350 cm-1, appears only
in graphene with defects and originates from first-order boundary phonons.9 This peak is important because
it allows calculating the density of defects or attached groups in graphene.82
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2.4

Schottky and pn junctions

2.4.1 Schottky junctions

When a metal (or semimetal) gets in contact with a semiconductor two different kinds of junctions,

from an electrical point of view, can be formed. The first type, termed “Schottky junction, acts like a current
rectifier. The second type, called “Ohmic” junction, follows the law V = I.R. Ohmic junctions are usually
obtained when the metal is combined with a close-to metallic system (i.e., highly doped semiconductors). In
contrast, Schottky junctions are usually formed when the semiconductor is only little doped. The ideal
Schottky junction ideally acts as a perfect diode with high current and very low resistance in the forward
direction (‘‘on’’ state) and no current in the opposite direction (reverse direction or ‘‘off’’ state).86
In a typical Schottky junction (Fig. 2.6) a metal with work function ΦM and a Fermi level (EFM) is in intimate
contact with a semiconductor with Fermi level EFS and an electron affinity χ. In order to reach equilibrium,
charge transfer occurs until the two Fermi levels are aligned. In the course of this equilibration process, electrons are transferred from the n-type semiconductor (or holes from the p-type semiconductor) to the metal.
This leads to a region within the semiconductor that is depleted of free charge carriers, called the depletion
layer, of width w. The excess carriers in the depletion layer are compensated by a thin layer of opposite-sign
charges on the metal surface. Depending on the type of doping, there is an upward or downward band bending within the semiconductor’s depletion layer. The interface region with charges of opposite sign behaves
like a capacitor and restricts further charge transfer, thereby imparting the rectifying behavior. In the close
proximity of the interface a difference in the potential due to the charge is created, which is named the
“built-in potential”. At equilibrium, this potential barrier generates a discontinuity of the allowed energy
states, which results in the formation of an energy barrier at the metal/semiconductor interface, known as the
Schottky barrier. This magnitude of this barrier is determined by the metal work function and the semiconductor electron affinity, but not by the voltage bias.86–88
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Figure 2.6. Band diagram of the Schottky junction between a metal and a) an n-type semiconductor and b) a
p-type semiconductor. ΦM is the metal work function, EFS is the Fermi level of the semiconductor, ΦB is the
Schottky barrier height, χ is the semiconductor electron affinity, and w the width of the depletion layer.

Current transport through Schottky junctions is mainly due to electrons from the n-type semiconductors or
holes from the p-type semiconductor. If the carrier concentration is low (like in graphene), the current is
usually carried by thermally excited electrons. An alternative mechanism is (thermionic) field emission
which may include tunneling through the barrier.87

Schottky diodes are ubiquitous in numerous types of electronic devices such as solar cells, photodetectors,
transistors, microwave mixers and integrated circuits.89,90

2.4.2 pn junctions

The formation of a pn junction has similarities to that of a Schottky junction. When the electrons

from the n-type semiconductor or holes from the p-type semiconductors move to the other side of the junction in order to establish equilibrium, they leave behind excess charges. The accumulated charges on the
n-type side (holes) and on the p-type side (electrons) create a depletion region. This leads to an electric field
(built in potential Φi) across the interface (see Fig. 2.7). The region outside the depletion width, on both sides
of the junction, is called the quasi-neutral region.91
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Figure 2.7. a) Band diagram of the pn junction between an n-type semiconductor and a p-type semiconductor. b) Rectifying I-V curve of an ideal pn junction.
In contrast to Schottky diodes, pn junctions are formed by joining n- and p-type semiconductor materials.
However, like Schottky barriers, ideal pn junctions permit current in one direction and block it in the opposite one. When the p-side is biased positively with respect to the n-side, the junction is under forward bias,
giving rise to a current that increases rapidly as the voltage increases. Conversely, when the p-side is negatively biased, the junction is under reverse bias and the current flow is blocked. Upon increasing the reverse
bias, a point is reached when the current suddenly increases. This critical voltage is called the junction
breakdown voltage. The I-V characteristic of an ideal pn diode is presented in Fig. 2.7b. In contrast to a
Schottky barrier, the current through a pn junction occurs mainly via the drift of carriers, which is caused by
the presence of an electric field, combined with carrier diffusion, which is driven by the carrier concentration
gradient in the semiconductor.91,92

Semiconductor pn junctions are an important ingredient of optoelectronic devices including solar cells and
light-emitting devices. One of the key reasons for the success of the pn junction compared to Schottky junctions lies in its ability to be locally modulated via an applied bias or the suitable design of the materials’ band
energies.93

2.5

Graphene-based pn and Schottky junctions

The absence of a band gap in graphene has motivated research to combine graphene with a semicon-

ductor to obtain either Schottky junctions where graphene acts as the metal, or pn junctions where graphene
is either the p-type or n-type component. In the following, these two types of devices are described in more
detail.
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In order to define a pn junction within a graphene sheet, a combination of top and bottom electrostatic gates
has been used to create electrostatically doped regions. 94,95 Chemical doping has also been explored in order
to create pn junctions. One common approach is to modify one half of a graphene sheet with donor (to create
n-type graphene) or acceptor (for p-type graphene) molecules, while leaving the other half pristine.42,96 Controlling the pristine half of the graphene by electrostatic gating then yields diodes in the configuration pp+ or
pn.98 This strategy can be extended by including additional doped or undoped graphene sections in order to
obtain pnp or npn configurations.97,98 Graphene diodes exhibit very interesting physics, including Klein
tunneling (carrier incident normal to the pn interface)99 and snake trajectories.100 Of further interest are junctions between graphene and other semiconductors (like Si), where the doping can be tuned in both
materials.101,102

The following sections describe how the pn junction has been exploited for device applications.

2.6

Graphene-based field-effect transistors

It has been stated the exceptional carrier mobility of graphene (one order of magnitude higher

compared to silicon),9 along with the high attainable current density, the most promising application for graphene will be in electronics. In this context, FETs have attracted the most attention.21,103,104 Graphene FETs
offer the advantage of flexibility and transparency, as demonstrated in Fig. 2.8,105 both of which are difficult
to achieve by other approaches. However, the impossibility to turn graphene device off still represents a major hurdle. While graphene nanoribbons face the problem of scalability, alternative approaches using chemically modified graphene, epitaxial graphene or chiral stacking of monolayer graphene are actively pursued
by the scientific community.5,26,47

Figure 2.8. a) Graphene-based transparent and flexible FET and b) the characteristic transfer curve with an
on/off ratio of ≈5. Figure adapted from ref. 105.
Although the zero band gap of graphene limits its application range, it is nevertheless highly useful for devices such as radio frequency FETs which do not require a large on/off ratio. Such devices require an ultrahigh carrier mobility, which graphene is able to supply. In 2010, Lin et al. demonstrated an epitaxial gra17
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phene-based FET with a cutoff frequency of 100 GHz.106 Since then, several other examples have been
demonstrated,28,107,108 with a maximum intrinsic cutoff frequency of 300 GHz.109 Remarkably, such type of
devices have also been fabricated on flexible substrates, reaching cutoff frequencies of up to 1.3 GHz.110
Finally, within the ongoing struggle for further miniaturization the fabrication of graphene-based single electron transistors (SET) has attracted attention. It has been experimentally demonstrated that ultra-small graphene quantum dots behave like conventional large size SETs.111

2.7

Graphene-based optoelectronic devices

The requirements for a transparent conducting material to be technologically relevant are a low

sheet resistance Rs < 100 Ωsq-1 and high transparency T ˃ 90% in the visible range.26 State-of-the-art transparent conductors are mainly semiconductor-based. However, these materials are facing signifcant problems,
including ever-increasing price, scarcity of one of the components, difficulties in patterning, low chemical
stability and the degradation of their electrical properties.26,36 The low resistivity, high transmittance, good
chemical stability, and low cost of graphene make it an close-to- ideal conductive film.112 Among other
works in this area,113–115 Blake et al.116 have reported the best graphene transparent conducting film so far,
which achieves Rs = 400 Ωsq-1 and T ≈98% with n-doped graphene.
One of the most important optoelectronic devices is the photodetector. In these devices the absorbed photon
energy is converted into an electrical signal.37 Similar to the conducting films described above, the field of
photodetectors has been predominantly developed using semiconductors materials.117 However, the optical
absorption of semiconductors is limited by their band gap, such that smaller photon energies cannot be detected.36 In contrast, graphene’s zero band gap enables it to absorb photons from the ultraviolet to the terahertz range.37,118 As another advantage, graphene’s high carrier mobility provides access to fast photodetection. Toward exploiting the fast photoelectrical response and broadband absorption of graphene, different
device configurations have been explored,44,119,120 such as metal-graphene-metal devices,119 exhibiting a responsivity (R) of ≈6.1 mA W-1 and an internal quantum efficiencies (IQE) of ≈16%. Moreover, for hybrid
devices like quantum-dots/graphene121 an IQE of ≈25% and R ≈107 AW-1 has been reported, while graphene-semiconductors heterostructures122 yielded an IQE of ≈10% and R ≈0.13 AW-1.36 Since graphene is
compatible with silicon-based technologies, some of these devices have already reached a level of competitiveness with existing technologies.37 However, the device performance is limited for SLG due to its short
photo-carrier lifetimes. The extraction of these hot-carriers, while challenging, is highly desirable for the
implementation of graphene into solar harvesting systems. This problem and possible solutions are further
discussed in chapters 6 and 7.
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Chapter 3
3.1

Experimental techniques

Graphene sample preparation

Although the detailed sample preparation varies with the specific type of graphene device to be in-

vestigated, in most cases it started with CVD graphene or exfoliated graphene on a Si/SiO2 substrate (4 x 4
mm2, oxide layer thickness of 300 nm) equipped with position markers. Initially, the Si/SiO2 substrates were
cleaned by immersion in N-ethyl-pyrrolidone (NEP), acetone and isopropanol for ≈20 minutes each in an
ultrasonic bath (room temperature, 37 kHz), followed by 10 min oxygen plasma treatment (100 W, gas
pressure of 0.3 mTorr) to remove any organic contamination. The following sections detail the manipulation
of the two different types of graphene.

3.1.1 Transfer of CVD graphene

The CVD method for growing graphene yields sheets of large area (on the order of mm2), which

cannot be reached by most other techniques, in particular mechanical exfoliation of graphene. The CVD
graphene is typically obtained on metallic surfaces such as copper using relatively straightforward methodologies.123 Nevertheless, the presence of the underlying substrate limits the applicability of CVD graphene in
electronics, as the intimate coupling between the metal and graphene significantly alters the electronic properties of the latter. For instance, a strong interaction between graphene sheets and some metals such as
Ni(111) can result in an altered density of states (DOS) along with n-type doping of graphene, whereas graphene on less interacting surfaces like Pt(111) largely preserves the intrinsic Dirac cone shape, similar to
free-standing graphene.81,123 Therefore, various methods have been developed to transfer the graphene film
onto a desired substrate.124 While several reliable methods are now available, further improvements are still
needed, since the electronic quality of the transferred CVD graphene is often inferior to that of exfoliated
graphene.

For the present work, the wet transfer method outlined in Fig. 3.1 has been employed. It involves first
coating the substrate by polymethyl-methacrylate (PMMA) as a mechanical support for the graphene. In this
manner, wrinkle formation in the sheet is minimized, leading to a better quality of the transferred graphene.124 The PMMA/graphene/Cu stack is then placed on top of an etching solution (a mixture of 7.5 ml of
hydrochloric acid (36%, w/v), 2 ml of hydrogen peroxide (30%, w/v), and 40 ml of water) for ≈10 min. The
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Cu reacts with the HCl to form the water soluble CuCl2 (see reaction scheme below) which is easily removed
later on by rinsing.
Cu(s) + 2HCl(aq)  CuCl2(aq) + H2(g)
After complete dissolution of the copper, the sample is picked up from below with a glass slide and placed in
DI water in order to remove all the residues. Finally, the PMMA-covered graphene is fished out with the
target substrate, followed by dissolving the PMMA in acetone.

Figure 3.1. Schematic diagram of the wet transfer of CVD graphene from Cu foils onto Silicon substrates
using PMMA as a support layer.

3.1.2 Mechanical exfoliation of graphene

The method used in this thesis is similar to the one used by Novoselov et al.21 in their pioneering

work on isolating graphene monolayers. An adhesive scotch tape was used to repeatedly peel layers from a
crystal of highly-oriented pyrolytic graphite (HOPG). Subsequently, the scotch tape decorated with graphene
was pressed against the marker substrate. The thickness of the graphene was judged from the optical contrast
between graphene and the substrate under an optical microscope; as already mentioned, the optical absorption of a multilayered sheet increases linearly with the number of graphene layers, and hence the latter quantity can be determined by dividing the opacity by 2.3%.57

3.2

Sample characterization

3.2.1 Atomic force microscopy
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Atomic force microscopy (AFM) served to detect whether the graphene was sufficiently clean, as
well as to determine the thickness of the 2D materials or contact metals used in the different heterostructures.
In an AFM (Fig. 3.2a), a tip is mounted on a flexible cantilever and brought close to the surface of the sample. As apparent from the dependence of potential energy on distance (Fig. 3.2b), when the SiN tip is very
close to the surface, the tip and surface start to repel each other. The instrument measures the cantilever deflection caused by this repulsion forces, according to Hooke’s Law: F = -kx (k is the spring constant of the
cantilever and x is the deflection due to the tip-sample interaction).125 Forces in the range of 10-13 to 10-6 N
are measured by the piezo-electric controller and an internal feedback system. The cantilever deflection is
detected from the change in the position of a reflected laser into a photodetector, as sketched in Fig. 3.2c.
There are three different AFM operation modes, namely (i) the non-contact mode, where the distance between the tip and the sample is between 10 Å and 100 Å, (ii) the contact mode, with the distance kept below
5 Å, and (iii) the intermittent contact or tapping mode, where the distance is between 5 and 20 Å.

Figure 3.2. Schematic diagram of a) the AFM (Bruker Dimension Icon) used in this work. b) Plot of potential
energy versus tip-sample distance. c) Sketch of the cantilever displacement detection mechanism. (Images
adapted from the operation manual).

All AFM measurements in this thesis were performed in tapping mode, a non-contact mode where the tip
oscillates back-and-forth close to the surface, such that the tip-sample interaction is restricted to a short
period of time. The reduction of the cantilever oscillation amplitude due to tip-sample interaction or variations of topological height is converted to a 3D image. The tapping mode was selected due to its suitability
for soft or deformable surfaces, such as (chemically modified) graphene. Furthermore, the used tips were
made of SiN as a chemically inert material.

3.2.2 Raman spectroscopy

In this work, Raman spectroscopy was mostly used to determine the doping, the purity and the

number of layers for the different 2D materials. This fast and non-destructive technique offers sub-µm spatial
resolution and yields valuable electronic and structural information of the system.82 The measurements were
22
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performed using a confocal set-up equipped with He-Ne, Nd:YAG and Ar-ion lasers of different wavelengths (488 nm, 533 nm and 633 nm), and a laser power on the order of 1 mW. The intensity of the Raman
modes of graphene in general depends on the excitation energy. For instance, the I(D)/I(G) ratio of strongly
functionalized graphene is approximately 8 for an excitation energy of 2 eV, while it assumes a value of 3
for an excitation energy of 2.7 eV.84 The diffraction-limited laser spot enabled measurements with a peak-topeak resolution of about 1 cm-1. Raman maps were recorded by placing the sample on a piezo-scanner table.

Photon absorption by a molecular system can occur by exiting an electron from the ground state of the molecule either into an unoccupied level of higher energy, or a virtual state. A virtual state is forbidden by quantum mechanics and therefore undergoes fast relaxation. If the relaxation takes place with concomitant excitation of a phonon, a so-called Stokes shifted photon is emitted. If, by contrast, the energy of a phonon is transferred onto the relaxing electron, a photon of higher energy is emitted, corresponding to the so-called antiStokes shift.126 Raman spectroscopy thus provides access to a range of vibrational modes, provided they are
associated with a change of polarizability of the system process.127

Confocal Raman microscopy, which enables the acquisition Raman spectra with spatial resolution, was first
developed by Marvin Minsky in 1988.128 In such measurement, the laser beam is focused through a pinhole
that collimates the light onto a dichromatic mirror and then into a microscope objective to focus the laser on
the sample. The light reflected from the sample passes through a second pinhole to a spectrometer combined
with a CCD camera for signal detection, as depicted in Fig. 3.3.

Figure 3.3. Schematic depiction of a confocal Raman spectrometer (image adapted from Princeton Instruments).
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In this thesis, Raman spectroscopy is mainly used to determine the I(D)/I(G) ratio in order to calculate the modification degree of the graphene samples. Furthermore, shifts of the 2D and G peaks are utilized to determine
the doping level of graphene or black phosphorus.

3.2.3 Electrical characterization

Electrical transport measurements were carried out with three different set-ups. In all three cases,

the electrical setup shown in Fig. 3.4a was used. Specifically, a Keithley 2400 electrometer was used as voltage source, while a current-to-voltage converter (FEMTO DLPCA-200) served to amplify the output current
before being measured by a Keithley 2000 multimeter. This setup was mainly used to determine the diode
behavior of the different systems, as well as the sheet resistance which is linked to the degree of modification
of graphene (see chapters 4 and 5). For all measurements, the samples were glued into a chip carrier with
silver paste, and subsequently the pads were bonded by gold wires. Tuning of the Fermi level in the different
materials was accomplished by applying a gate voltage with a Keithley 2400 electrometer. The applied gate
voltage leads to charging of a plate capacitor, whereby electrons or holes are accumulated in the conductive
channel (see Fig 3.4b). Temperature dependent electrical measurements were carried out under vacuum within either a liquid nitrogen or liquid helium cryostat. The room temperature measurements were conducted
under ambient conditions.

Figure 3.4. a) Schematic diagram of the setup used for the electrical measurements. Source and gate voltage
were applied using a Keithley 2400 electrometer, with the signal being amplified by a femto DLPCA-200
and read out with a Keithley 2000 multimeter. b) Shift of the Fermi-level of graphene upon applying a negative or positive gate voltage.
Photocurrent measurements were carried out with the same setup; however, the system was coupled to a
confocal microscope whit a laser probe, as is going to be explaining in the next section.
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3.2.4 Scanning photocurrent microscopy

Scanning photocurrent microscopy (SPCM) was performed with a confocal laser scanning micro-

scope (Leica TCS SP2), equipped with a piezoelectric table that holds the chip carrier during the measurements (Fig. 3.5a). In this manner, spatially-resolved photocurrent maps were obtained from the graphenebased pn heterojunctions (see chapter 7) and MIM diodes (see chapter 6). The Leica microscope operates
with Helium-Neon (HeNe operating at 633 nm), GreNe (543 nm) and Ar/ArKr (458 nm, 488 nm and 514
nm) lasers at powers in the range of 1 μW to 430 μW. Variation of the laser power and wavelength allows
distinguishing different types of photocurrent mechanisms. For instance, the dependence of photocurrent on
laser power can yield information about trap states, and the occurrence of a photocurrent maximum at a certain laser power is indicative of a thickness limitation (see chapter 7). Furthermore, the photocurrent dependence on laser wavelength is not only useful to assess the practical application potential of the devices, but
also yields hints about photocurrent mechanism (see chapter 6).
The confocal microscope and the achievable spatial resolution are identical as described for the
Raman measurements (section 3.2.2). In this thesis, spatially resolved measurements were needed to elucidate the photocurrent generation mechanism. For example, the photo-thermal effect is usually associated
with a higher photocurrent close to the metal contacts, whereas a photovoltaic signal tends to be more uniformly distributed over the sheet (see chapter 7). The electrical measurement principle is the same as for the
electrical measurements (section 3.2.3). All SPCM and reflection images in this thesis were recorded under
ambient conditions and processed using the WSxM image processing software.129
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Figure 3.5. Schematic illustration of the set-up used for scanning photocurrent microscopy. The system is
equipped with a HeNe (633 nm), GreNe (543 nm) and Ar/ArKr laser. A piezo-electric table is used to scan
the sample through the confocal laser spot.

26

Chapter 3 Experimental techniques

27

Chapter 4 Chemical Modification of graphene via hyperthermal reaction∗

4.1

Electrospray ionization

Electrospray ionization (ESI) is a powerful tool for the manipulation of molecules and chemical

surface functionalization.130,131 It has been applied, for instance, to large and fragile polar molecules that play
a vital role in biological systems,132 as well as to achieve chemical reactions on otherwise inert surfaces.133 A
major advantage of this method is that the integrated mass spectrometer enables an exceptional molecular
selectivity. Electrospray ionization is a soft ionization technique that allows bringing non-volatile molecules
into the gas phase with only little risk of breaking covalent bonds, and the possibility to preserve their weak
non-covalent interactions.131 It works by applying a high voltage (≈1-4 kV) to a needle, through which a
small volume of the target molecule solution is forced. This creates a spray of small, highly charged droplets,
which are accelerated through the instrument to a mass spectrometer, where desired molecular species can be
selected according to their (charge/mass) ratio. The species are then deposited onto a substrate, with a kinetic
landing energy that can be controlled via the applied acceleration voltage.

4.2

Modification procedure

The covalent modification of graphene through the impact of vibrationally cold, hyperthermal mo-

lecular ion collisions has been performed as follows. Fig. 4.1 illustrates the gas phase generation of a beam
of intact, mono-protonated 4,4´-azobis(pyridine) (AZP) from solution using electrospray ionization. The
charged species are transferred to vacuum, steered, focused and accelerated toward chemical vapor deposited
(CVD) graphene on a Si/SiO2 substrate. The collision energy is adjusted by the electrical bias VB applied to
the substrate. Upon impact, a chemical bond is cleaved in the charged molecule, generating a reactive fragment that covalently bonds to the graphene. Most likely, the cleavage occurs at the C−N bond between the
(protonated) pyridine ring and the azo-group, yielding an azopyridyl-radical, as depicted in Fig. 4.1b.

∗

Parts of this chapter are based on our publication Chemical Modification of Graphene via Hyperthermal Molecular Reaction133
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Figure 4.1. (a) Schematic depiction of the experimental setup used for graphene functionalization via hyperthermal reaction. (b) Sketch of the covalent coupling reaction yielding azopyridyl-modified graphene.
The electrospray ion beam deposition (ES-IBD) system134,135 consists of an ambient nanospray source emitter
biased to 3−4 kV, followed by a series of ion optics and differentially pumped stages. Sprays are formed
from 1 mM AZP in 1:1 (v/v) H2O:EtOH and 0.2% (v/v) formic acid. By time of-flight mass spectrometry
(TOF-MS) (Fig. 4.1a) the formation of azopyridinium cations (AZP+; m/z ≈185 𝑢/𝑒) was verified, and in
combination with a mass-selecting quadrupole, a narrow mass-to-charge window specified so that the

charged species is highly purified (>99.99%) before exposure. The beam arrives at the sample through a
4 mm diameter aperture at normal incidence. The primary beam energy (63 ± 3 eV, corresponding to VB = 0)
exiting the quadrupole is first measured by a retarding grid adjacent to the sample. During the covalent modification procedure, a deposition current is monitored at the substrate (200−330 pA) and integrated over time
such that the coverage is precisely controlled. The total cation exposure was set to 1 nA over 1 h,
corresponding to a dose of ≈2 × 1014 AZP+/cm2, which is achieved in 3−5 hrs. Assuming a sticking coefficient of unity, this dose would approximately lead to a close-packed monolayer.

4.3

Characterization of modified sheets

Ex situ ambient confocal Raman scattering (blue spectrum in Fig. 4.2) reveals the characteristic G-

and 2D-band of pristine, single-layer graphene before the modification.136 The small D-peak is attributable to
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graphene wrinkles.123 Upon modification with 165 ± 3 eV ions (VB = -102 V), a dominant D-peak appears,
which is consistent with sp3-hybridization induced disorder,137 while the reduced 2D/G intensity ratio and the
slight blue shift of the D-peak indicate the presence of disorder and/or doping.138

Figure 4.2. Raman spectra (recorded with λ = 633 nm) of a CVD graphene sample before and after hyperthermal functionalization with azopyridyl groups, as well as after annealing of the modified sample. The
Raman spectrum of graphene subjected to soft landing is shown at the bottom for comparison.
Collisions at 5, 75, 100, and 125 eV result in the same Raman spectrum as for pristine graphene (Fig. 4.2,
lowest spectrum). These deposition conditions can hence be considered as soft landing. The onset of chemisorption is observed near 165 eV, corresponding to 5.5 eV per covalent bond in the molecule, assuming center-of-mass translational kinetic energy equipartition among the internal degrees of freedom in AZP+, and
provided that the time-scale of the collision dynamics (on the order of picoseconds) permits particle equali-

zation. An energy density of this order is relatively modest since in actuality it represents the upper limit of a
loss-less system, yet dissipation into modes of graphene and other non-adiabatic pathways are likely. The

onset energy is close to the results of molecular dynamics calculations of salt cluster collisions on inert surfaces, where 2.7 eV/particle have been found to cause fragmentation and dissipation.139 Likewise, silver cluster collisions on platinum have been found to induce defects/chemisorption above 2.9 eV/Ag.140 As the formation of single atom vacancies in graphene has been observed141 after irradiation with Ar+ ions of considerably higher energy (140 eV/Ar+), it is plausible that the collisions are able to cause fragmentation and reactive landing of AZP+ at 5.5 eV/bond.

To confirm the covalent attachment of the reactive species, the modified samples were subjected to thermal
treatment. After heating in vacuum at 200°C for 1 h, Raman spectroscopy revealed a significantly reduced
D-peak intensity, signifying the desorption of chemisorbed molecules.142 While as an alternative carbon va31
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cancies created by the ion impact could be responsible for the pronounced D-peak, a restoration of the carbon framework of graphene would not be possible in this case, owing to the lack of a suitable carbon source
and sufficiently high temperature.143
Raman maps displaying the D-peak intensity over an area of 100 μm2, as exemplified in Fig. 4.3, show a
uniform, large-area modification. Further measurements confirmed such homogeneous modification for
sample areas as large as 4 mm × 4 mm. Using low neutral density filters, the D-peak area is seen to decrease
in the direction of the raster scan path, resulting in sloped-maps, which likely arises from molecule desorption due to laser-induced heating.

Figure 4.3. Integrated D-peak intensity area maps of a pristine and modified sample (laser excitation wavelength λ = 633 nm). Laser-induced heating causes partial desorption of the chemisorbed molecules, which
results in a decreasing D-peak intensity along the scan.
From the Raman spectra, the average distance LD between the sp3-defect centers (i.e., between the covalently
attached azopyridyl groups) can be estimated. The intensity ratio of the D- and G-mode (ID/IG) in the spectra
of the modified samples is well above 1, indicative of a high defect density regime, with LD being on the
order of a few nanometers.82 Based upon the sample-averaged value of ID/IG = 2.5, the best suited equation82
is LD2 = 5.4 × 10-2·EL4· (ID/IG), where EL = 1.96 eV is the laser excitation energy. It yields LD ≈ 1.4 nm,
which translates into a high functionalization degree of approximately 3%, comparable to the value achievable through extensive hydrogen plasma treatment of graphene.142 This functionalization degree corresponds
to 50% of impacting ions being covalently attached to the graphene. The collision energy gives rise to competition from elastic scattering,144 and the fragmentation efficiency is close to unity,145 it is reasonable to
attribute the remaining 50% of the collisions to elastic or dissociative projectile scattering and hence no bond
formation.

Ambient tapping-mode atomic force microscopy (AFM) shows that despite the modest collision energy supplied to the surface, the pristine topographic quality of CVD graphene is still preserved after modification, as
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reflected by a highly smooth and flat surface. No substantial change in topography or morphology is seen
over a 25 μm2 area.
The elemental composition and chemical binding at the surface before and after modification was probed by
X-ray photoelectron spectroscopy (XPS) using Al/Kα1 photons (1486.7 eV). The C 1s peak of the pristine
CVD graphene (Fig. 4.4a) has an asymmetric Doniach-Sunjic shape, characteristic of sp2-hybridized C−C.147

Figure 4.4. XPS spectra of pristine and hyperthermal-modified (165 eV/cation) graphene. Panels a) and b)
show the C 1s peaks, while panels c) and d) display the N 1s peaks.
Upon modification, the C 1s profile broadens into a three-component envelope (Fig. 4.4b), comprising the
same two peaks matching to the pristine spectrum in Fig. 4.4a, and an additional component centered at
286.4 eV, attributable to sp2 C-N from the pyridyl-group and sp3 C−N from the azo linkage to graphene.148
Compared to the pristine control (Fig. 4.4c), the modified sample (Fig. 4.4d) shows a significantly higher N
1s signal centered at 399.8 eV. The increased N/C ratio is consistent with the deposition of the nitrogen rich
AZP or one of its fragments. The very broad N 1s peak with a FWHM of 2.3 eV signifies the presence of
multiple types of nitrogen atoms. It can be deconvoluted into a pyridine-like nitrogen (389.9 eV), an azonitrogen (400.0 eV) and a protonated pyridine nitrogen (401.6 eV) signal.148,149 These binding energies agree
well with a previous XPS study of 2,2´-azopyridine,149 reporting a FWHM of 2.7 eV and deconvoluted positions of 389.9 eV for the two nitrogen-pyridinic atoms, and 400.1 eV for the two azo-nitrogens.
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For the relative abundance of azo-nitrogen to the combined neutral and protonated pyridinic-nitrogen a ratio
of 2:1 is found based upon the component areas shown in Fig. 4.4d. This ratio points toward a binding
mechanism wherein the diimide group cleaves preferentially at the protonated pyridyl-site (C5H4NH)-N=N(C5H4NH+) of the AZP+ ion beam, producing a neutral azopyridyl-radical (·N=N−C5H4N) that binds to graphene through a C-N covalent bond, as illustrated in Fig. 4.1b. The other part, a pyridinium-radical, will
rearrange and leave as gaseous protonated pyridine. The XPS data indicate that 60% of the pyridine groups
are protonated, which most likely occurs after sample exposure to the ambient rather than originating from
the protonated ion beam itself.

Modeling other mechanisms to the nitrogen XPS data resulted in only poor agreement. Should the cleavage
have occurred at the non-protonated pyridyl-site of the AZP+ ion beam, the resultant azopyridinium- and
pyridyl-radicals could both graft covalently to graphene (yielding a relative abundance of azo to pyridinic
nitrogen in the ratio 1:1), or the azopyridinium-radical could rearrange, leaving as gaseous
4-diazenylpyridine, and only the pyridyl-radical would bind (resulting in only pyridinic-nitrogen). However,
none of these scenarios are consistent with the intensities of the components in the N 1s peak (Fig. 4.4d). At
the same time, symmetric, azo-initiator-type splitting with nitrogen elimination and concomitant formation
of two pyridyl-radicals can also be excluded, as these would not give rise to the azo-nitrogen observed.

The above observations strongly favor covalent linkage of azopyridyl-moieties to the graphene. The hyperthermal activation, however, is a statistical process as well, which can overcome even a high activation
barrier. Thus, within the margin of error of the fits, also other less likely reactions may have occurred in
parallel.

Hyperthermal ion chemistry presents a unique solution to the challenge of controllably producing dense and
ordered monolayers on graphene. Electrospray ionization accommodates both an enormous mass range
(1 - 106 Da) and a wide choice of reagents to activate non-equilibrium hyperthermal reactions of graphene
that would otherwise remain kinetically unfavorable. High vacuum deposition further minimizes the influence of an electrochemical water/oxygen redox couple at the SiO2 substrate, which is responsible for
hysteretic device behavior under ambient.150

4.4

Electrical measurements

The hyperthermal protocol was further investigated as a possible means to open a band gap in gra-

phene, in order to increase the electrical on/off ratio of pristine graphene, which is only ≈5 at room temperature.22 Fig. 4.5 depicts the transfer curves of graphene before (inset, green curve) and after the azopyridine
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modification (blue curve). It is evident that the position of the resistance maximum shifts and also the on/off
ratio changes due to the modification.

Figure 4.5. Characteristic transfer curves measured at room temperature with a two probe set up; before (inset) and after the hyperthermal modification (165 eV/cation).
The shift of the resistance maximum to more positive gate voltages is indicative of p-type doping. This
doping reflects an electron-withdrawing character of the attached nitrogen atoms. After the modification,
there is transfer of electrons from the graphene to the nitrogen, causing a well-documented graphene hole
doping.151 The resistance increase by approximately one order of magnitude, as compared to the pristine
graphene, indicates the presence of (resonant) scattering centers, most likely the sp3 carbons in the covalently
functionalized graphene.152

4.5

Patterned modification

As only a small increase of the on/off ratio could be achieved by chemical modification of laterally

extended graphene, we combined the modification with lateral patterning of the graphene. To this end, the
hyperthermal reaction was applied to graphene sheets covered by a PMMA layer containing a narrow window. In this manner, modified graphene stripes with a width of about 1 µm were obtained within an unaltered graphene sheet. The major aim was to provide the stripe with a local top gate, in order to implement an
efficient graphene-based field-effect transistor, as proposed theoretically by Fiori et al.153

The Raman spectrum of a representative graphene stripe (1P-Gr), chemically modified with AZP+ (Fig. 4.6),
features emergent D- and D´-peaks at 1326 cm-1 and 1613 cm-1, respectively. These two peaks arise from the
introduced sp3 carbons, as described above. There are also additional peaks between 1326 and 1586 cm-1,
matching with Raman peaks of PMMA (as determined using control samples), indicating that residues of this
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polymer remain on the surface after the modification. A Raman map displaying the D-peak intensity of a
graphene sheet comprising two modified stripes (each 1 µm wide) is shown in the inset of Fig. 4.4. The
stripe-like features displaying a higher D-peak intensity fit well to the patterned length and width.

Figure 4.6. Raman spectrum (λ = 633 nm) of the unmodified area (blue spectrum) and the chemically modified (black spectrum) stripe within a graphene sheet. The inset is a D-peak map of the monolayer.
AFM images (Fig. 4.7a) display some residues on top of the modified graphene, in agreement with the Raman spectra exhibiting peaks between 1326 cm-1 and 1586 cm-1 that belong to PMMA. The AFM height of
the modified stripes exceeds that of pristine graphene by approximately 1 nm. The transfer curve, recorded
with a back gate, shows only little doping, along with a slight increase of the on/off ratio in comparison to
pristine graphene (Fig. 4.7b). That the modification caused only a small change in the electrical behavior can
be explained by the low accessibility of the ESI molecular beam to the graphene, due to shielding by the
narrow PMMA window.

Figure 4.7. a) AFM image of a chemically modified graphene stripe. The scale bar is 1 μm, while the color
scale ranges from 0 to 16 nm height. b) Two-probe measurement of resistance versus gate voltage, measured
across one of the stripes in the chemically modified graphene sheet.
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The above results demonstrate that hyperthermal molecular ion beams of azopyridine enable the controlled
covalent functionalization of CVD graphene. Since the kinetic energy of the impinging species of 165 eV/ion
is significantly larger than typical covalent bond-dissociation depths (1 ≤ D0 ≤ 10 eV/bond), the excess energy breaks chemical bonds, and overcomes the costly activation barrier (EA) that usually prohibits covalent
linkage to the basal plane of graphene.154,155 Raman scattering in combination with XPS confirms the covalent attachment of azopyridyl-groups, with a high functionalization degree of 3%, while AFM imaging testifies that the modified graphene retains its topographic integrity.
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Chapter 5 Chemical Modification of graphene by OsO4 from vapor phase

5.1

Symmetric dihydroxylation of alkenes

The oxidation of alkenes is important in organic synthesis as a precursor of functional groups such

as ketones, aldehydes and carboxylic acids, which are intermediates in the synthesis of various drugs and
catalysts.156 Particularly useful is the cis-hydroxylation of alkenes by osmium tetraoxide (OsO4) due to its
stereo-specificity yielding diols via a syn-addition.157 The corresponding reaction mechanism is outlined in
Fig. 5.1. It involves the formation of an osmium (VI) intermediate, whose hydrolysis affords the
corresponding cis-diol.158 Osmylation is feasible also with aromatic hydrocarbons, where the attack occurs at
the sites of highest electron density.159 This is relevant because graphene, in terms of chemical reactivity,
behaves similarly to larger aromatic systems. In a pioneering experiment, OsO4 has been successfully used
by Cui et al. to oxidize single-walled carbon nanotubes.160

Figure 5.1. Reaction mechanism of the symmetric dihydroxylation of alkenes by OsO4. The intermediate
osmium (VI) ring-like structure is hydrolyzed by water.
While several oxidation methods have been applied to graphene, as described in section 2.2.2, all of them
yield a mixture of different, oxygen-containing functional groups e.g. ketones, aldehydes and carboxylic
acids. The absence of chemical selectivity renders the properties of the resulting graphene oxide difficult to
control. As a consequence, graphene oxide samples prepared in different labs generally bear different types
and densities of functional groups. In this context, osmylation by OsO4 promises access to an alternative type
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of graphene oxide, wherein only one type of functional group (hydroxyl groups) is attached to exclusively
one side of the sheet.

5.2

Modification procedure

A Si/SiO2 substrate with mechanically exfoliated graphene was placed in the middle of a quartz

tube with a small crystal of OsO4 (Sigma Aldrich, ˃ 99.9% purity) located 10 cm upstream (Fig. 5.1). The
tube was first purged with argon and the filled with 0.6 bar of oxygen (Fig. 5.2). After 30 min of equilibration, the sample was then irradiated with 254 nm UV light for 50 min. Subsequently, the sample was rinsed
with water and isopropanol and finally blow dry with argon.

Figure 5.2. Schematic depiction of the home-made UV reactor used to chemically modify graphene by OsO4
vapor at room temperature. The UV lamp emits a wavelength of 254 nm.
Patterned functionalization of 1 µm wide stripes was performed by first depositing a PMMA layer onto the
substrate covered by graphene. Using e-beam lithography, 1 μm wide windows were then defined within the
PMMA layer. The same modification procedure as explained above was then carried out, followed by removing the PMMA with acetone.

5.3

Sample characterization

After each modification experiment, the optical appearance of the graphene served as a first test

whether the reaction was successful. In general, the more groups are covalently attached to graphene, the
more transparent it becomes, because the functionalization reduces the density of π-states, as explained in
section 2.1.2 and reported by Jeremy et al.161 Importantly, full transparency is obtained only for high coverage.68 The change of optical contrast under the microscope is exemplified in Fig. 5.3 for two neighboring,
1 μm wide stripes within the same graphene monolayer. The formation of such highly transparent regions
could not be observed in case of the AZP+ functionalization (see chapter 4), evidencing that the functionalization degree achievable with OsO4 is significantly higher than for the hyperthermal approach.

40

Chapter 5 Chemical modification of graphene by OsO4 from vapor phase

Figure 5.3. Optical micrograph showing two 1 μm wide stripes patterned into the same graphene monolayer
by reaction with OsO4. The white scale bars are 5 μm.
The AFM height profile in Fig. 5.4 reveals that the chemical modified, 1 µm wide stripe has a height of
approximately 1 nm. As the sample was rinsed several times to remove adsorbates, the thickness increase
can be attributed to graphene oxide formation. In contrast to the hyperthermal method (see chapter 4), the
roughness of the unmodified graphene area is similar to that of pristine graphene, reflecting a cleaner process. It follows that the ESI method promotes cross-linking of the PMMA, whereas the ozone generated by
the UV irradiation during the OsO4 reaction is able to remove PMMA residues.162

Figure 5.4. (Left) Topographic AFM images before and after formation of 1 µm wide graphene stripe by
covalent functionalization using OsO4. (Right) Cross-sectional profile along the green line in the right AFM
image. The white scale bar is 2 μm and the color scale ranges from 0 to 5 nm height.
The covalent oxidation of graphene by OsO4 could be further confirmed by Raman spectroscopy. The spectrum in Fig. 5.5 evidences the appearance of the D and D´ peak at 1324 cm-1 and 1623 cm-1 respectively, in
the stripe area, consistent with the presence of sp3 carbons or defect-induced disorder.137 According to
Eckmann et al.84 the D peak position is only sensitive to the amount of disorder, whereas the D´ peak position strongly depends on the type of defect introduced into the lattice. They reported that for hydrogen modification of graphene, an ID/IG ratio of 0.33 can be attributed to exclusive sp3 carbon modification without
vacancies (the ratio for vacancies is 0.82). The ratio of 0.50 obtained for the present samples can be assigned
to a mixture of sp3 carbons and vacancies, with the former being predominant. Raman maps displaying the D
peak intensity across the graphene monolayer provide direct evidence for the modified stripe (Fig. 5.5, right
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panel). The visible feature corresponds well to the 1 μm stripe created by the UV-OsO4 through the patterned
PMMA mask. In contrast to the AZP+ method, no PMMA peaks are observed, highlighting the intrinsic
“cleaning capability” of the OsO4 method.

Figure 5.5. a) Raman spectra of the un-modified (blue spectrum) and the modified stripe (black spectrum)
area. b) D-peak intensity map of the graphene monolayer. The scale bar is 1 μm.
From the Raman spectra, the average distance LD between the sp3-defect centers was determined in the same
manner as described in chapter 4. The intensity ratio of the D and G modes (ID/IG) are above 1 in the spectra
of the modified samples, indicative of a high defect density regime, with LD being on the order of a few nanometers.82 Based upon the value of ID/IG = 1.9, averaged over several stripes, the equation82 LD2 = 5.4 ×
10-2·EL4· (ID/IG), where EL = 1.96 eV is the laser excitation energy, yields LD ≈ 1.2 nm. This translates into a
functionalization degree of approximately 2.6%, similar to the value achieved in case of modifying an extended CVD graphene sheet by the ESI method.

5.4

Electrical characterization

To further confirm the chemical modification, as well as test the suitability of the devices as an

FET, two-probe electrical measurements were performed. The resistance of the completely modified graphene monolayer in Fig. 5.6a reaches a sizable value of ≈350 kΩ, while the 1 μm modified graphene stripe
displays only a four-fold resistance increase compared to the pristine sample (≈4 kΩ).21 This difference
supports that the functionalization degree of the stripe is smaller due to the limited access of the OsO4. In
both cases, pronounced p-doping is observed, similar to previous reports on graphene oxidation.152
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Figure 5.6. Two probe measurements of resistance versus gate voltage for a) completely modified graphene
flake and b) 1PGr.
The charge transport properties were evaluated in more detail by temperature dependent resistance measurements (Fig. 5.7). Upon cooling, the “off state” resistance of the chemically modified sample monotonously
increases, while the “on resistance” remains almost constant (Fig. 5.7a,b). The maximum on/off ratio of
≈550 is significantly higher than previously reported for graphene partially modified with flourine163 or hydrogen.65 As apparent from Fig. 5.7a, the Dirac point shifts toward zero gate voltage upon cooling, accompanied by a resistance increase of almost 3 orders of magnitude. This behavior points towards two-dimensional
hopping as relevant charge transport mechanism.164 The latter involves consecutive inelastic tunneling between localized states, and has also been observed for different types of graphene modifications.65,152,163 Its
temperature dependence is given by R ∝ exp(T0 /T)
164

5.7c).

1/3

, to which the present data can be well fitted (see Fig.

The fitting parameter, which is proportional to the density of localized states at the Fermi level and

the localization length, is extracted to 𝑇0 = 2248 K.152,163 This value exceeds that reported for hydrogenated

graphene, and is comparable to that for fully fluorinated graphene.65,163

For comparison, it was attempted to fit the data to the thermal activation exponential law (Fig 5.7d):
R = R 0 exp(∆E/2Kb T), where R0 is an pre-exponential factor, ∆E is the energy gap and kb is Boltzmann con-

stant. The low quality of the data fit further supports the hopping mechanism. Moreover, we ascribe the
small gap obtained (∆E = 9 meV) to the gap between the trap state.163
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Figure 5.7. Charge transport properties of graphene covalently modified with OsO4. a) Transfer curves in
dependence of temperature. b) Exponential increase of the on/off ratio with decreasing temperature. c) Fitting according to the two-dimensional hopping transport mechanism. d) Arrhenius type of fit of the experimental data at low temperature.
The carrier mobility extracted from the transfer curves (Fig. 5.8) increases by almost two orders of magnitude from room temperature (7.43⋅1010 V-1cm-2) to 6 K (2.12⋅1013 V-1cm-2). This change can be explained by
the “freezing” of trap states at low temperatures.165,166

Figure 5.8. Temperature dependence of carrier mobility of graphene chemically modified with OsO4. The
measurement was done using a two probes set up.
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Chapter 6
Diodes∗
6.1

Graphene-insulator-metal

MIM diodes and their application as photodiodes

6.1.1 Basics of MIM Diodes

The ideal diode is a discrete component that allows current flow between its terminals in a particu-

lar direction (0 resistances), while the blocks it in the opposite direction (infinite resistance). There are
several types of diodes, most prominently pn diodes, Schottky Diodes, pn-p diodes, and Zener diodes. The
special case of the metal-insulator-metal (MIM) diode is composed of a thin insulator layer in between two
metal electrodes. Its operation mechanism involves tunneling of charge carriers through the barrier and/or
carriers overcoming the barrier due to thermal activation, the relative importance of which depends on the
barrier heights, insulator thickness, and temperature. Tunneling becomes more significant the smaller the
thickness of the oxide barrier becomes. In a normal MIM diode, electrons from metal 1 (M1) can tunnel into
metal 2 (M2) when the insulator layer is several nanometers thick (less than ≈10 nm) and vice versa electrons from M2 can tunnel into M1 (further description will be given in section 6.3).167 Electron tunneling
from M1 to M2 causes a positive current from M2 to M1, and vice versa (see for further details section 6.4).
The corresponding current densities can be calculated as follows:
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Good MIM diode performance requires a high asymmetry (fASYM=Iforward/Ireverse), strong nonlinearity
(fNL=(dI/dV)/(I/V)), large responsivity (fRES=(d2I/d2V)/(dI/dV)), as well as a low resistance or a high oncurrent.168,169 These figures of merit are mainly determined by the work function difference of the electrodes,
and the barrier height between the insulator and the electrode materials.170–173 In the design of MIM diodes, a
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trade-off between these parameters is needed. For instance, a high asymmetry requires both, a large work
function difference between the two electrodes and a large barrier height, but a too high barrier decreases the
on-current or increases the resistance of the

device.170,171 Among the various investigated

metal/(multi)insulator/metal configurations, the best overall performance has been attained for Nb/Nb2O5/Pt
diodes, featuring an asymmetry of 7800 and a nonlinearity of 4.7 at 0.5 V. 169,174–176

As an alternative to using two metal electrodes in such diodes, one or both of them can be replaced by graphene, a two-dimensional semimetal whose excellent, tunable electrical properties render it into a valuable
component of vertical devices such as barristors177 and field-effect tunneling transistors.178 In these threeterminal devices, the work function of graphene can be tuned over a span of hundreds of meV via an external
gate electrode, whereby the height of the vertical transport barrier is modulated.178–185 Graphene-based barristors and similar devices,179–185 commonly rely upon modulation of the graphene-semiconductor junction,
which limits the device operation speed. To date, only very few studies have been performed on grapheneinsulator-metal (GrIM) devices, comprising hexagonal boronitride (hBN) nitride or molybdenum disulfide
(MoS2) as vertical transport barrier.178,186 Owing to the low transit time of the tunneling electrons, such devices are expected to operate over a much wider frequency range than the graphene-semiconductor junction.
In general, MIM diodes are promising for application as rectennas for solar energy harvesting,168,169 photodetectors187–190 and high frequency mixers.191

6.1.2 MIM Diodes for photodetection and light harvesting

Quantum mechanical tunneling is an ultrafast process that occurs on the order of femtoseconds, ren-

dering MIM diodes useful high frequency applications, including fast photodetectors. In fact, it has been
shown that detectors with band widths of several THz can be created using MIM diodes.192 The ultrafast
characteristic of a MIM diode ensures that the carriers are able to respond faster than the oscillation period of
the electromagnetic field. This property opens access to optoelectronic devices with enhanced responsivity,
such as photo-detectors based on surface plasmon resonance (SPR), or devices exploiting hot carrier extraction from semi-metallic materials (which is the topic of section 6.4). SPR enhancement can occur in MIM
diodes comprising a sufficiently thin insulator, such that the electromagnetic field of the metal plasmon is
able to increase the tunneling current. This enhancement has been demonstrated to render MIM devices into
efficient photodetectors, solar cells as well as sensing devices.193,194 Recent examples of MIM-based photodetectors and light harvesting devices are shown in Fig. 6.1. Specifically, Fuming et al.195 have found efficiencies on the order of 1% for a planar Au/Al2O3/Au device (Fig. 6.1a). Following the same principle, Hamidreza et al.188 investigated a device version where one of the electrodes is an Au nanorod (Fig. 6.1b),
thereby reaching a photo-responsivity of 250 nA/W. Based upon a similar nanostructuring strategy, Gadalla
et al.187 fabricated gold nanogap devices (Fig. 6.1c) with a responsivity as high as 4 A/W. A different approach was pursued by Thacker and co-workers190 who realized a planar configuration with various types of
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oxides as insulator (Fig. 6.1d). In these devices, the insulators ZnO and NiO enabled high-frequency rectification with a power transfer efficiency at 1 THz of 49% and 34%, respectively.

In the present thesis, graphene has been implemented as one electrode of a MIM diode configuration,
resulting in graphene-insulator-metal (GrIM) diodes, whose electrical performance was studied in detail both
in the dark and under light illumination.

Figure 6.1. Examples of recently studied MIM diodes for optoelectronic applications. a) Au/Al2O3/Au device
designed in a planar configuration for light-to-energy conversion. b) Light harvesting by nanostructured gold
nanorods on an Au/Al2O3 substrate. c) Gold nanogap devices fabricated on SiO2, in order to study plasmon
enhancement effects. d) A MIM in a planar configuration comprising different types of oxides. The images
are adapted from references 187,188,190,195.

6.2

Gr-TiOx-Ti diode fabrication

The graphene bottom electrode was mechanically exfoliated from highly oriented pyrolytic graphite

(HOPG) onto Si substrates coated with a 300 nm thick layer of SiOx. The Ti/Au contact was then defined by
standard e-beam lithography followed by thermal evaporation of the metals. Subsequently, 6 nm of TiOx was
deposited by three cycles of thermal evaporation of ≈2 nm Ti, with a subsequent oxidation step after each
cycle under ambient. Finally, 20 nm thick Ti metal top electrodes were fabricated on top of the TiOx insulator layer via e-beam lithography. All I-V characteristics were recorded under ambient with the configurations
shown in Fig. 6.2. The SPCM measurements were performed under ambient conditions at zero source-drain
bias with the aid of a confocal laser microscope. The temperature dependent photocurrent measurements
were carried out in a cryostat THMS600 (Linkam) using a green laser (λ = 514 nm).
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The inverse device configuration required for doping the graphene was implemented by first evaporating 20
nm of Ti, followed by 6 nm TiOx and then transferring graphene chemical vapor deposited (CVD) on top of
the oxide-coated Ti electrode. P-type doping of graphene was achieved by thermally evaporating F4-TCNQ
at a rate of 0.1 Å/s on top of it. The thickness of the F4-TCNQ layer was adjusted by the number of evaporation steps (2 nm per step).

Figure 6.2 a,b) Schematic representation of the device configurations used for determining the electrical resistance of the graphene channel as a function of back gate voltage a) before and b) after deposition of the Ti
electrode. c) Configuration used for measuring the graphene channel resistance in dependence of the Ti top
gate voltage. d) Configuration used for recording the I-V characteristics of the Gr-TiOx-Ti diodes.

6.3

Dark electrical behavior of Gr-TiOx-Ti diodes

As mentioned above, an alternative to using two metal electrodes in MIM diodes is to replace one or

both of them by graphene. In the following, it is demonstrated that in two-terminal Gr-TiOx-Ti (GrIM)
diodes, which lack an external gate as third terminal, barrier height modulation can occur solely based upon
the applied bias, which leads to excellent device performance down to the smallest insulator thickness. This
task requires a suitable choice of insulator in order to allow for sizable electron transport between the graphene and the metal. Moreover, our data reveal the importance of balancing the tunneling and thermionic
contributions to the charge transport.
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The work functions of graphene and Ti are 4.5196 and 4.2 eV93, respectively. Titanium thus fulfills the above
mentioned requirement that the work function of the metal contact (M2) is smaller than that of graphene. The
electron affinity of TiO2 is ≈4.0 eV 197,198, which ensures the trapezoid shape of the tunneling barrier depicted
in Fig. 6.3a The Dirac point shift of the graphene channel from +5 to -40 V after deposition of the Ti top
electrode (in the appendix A, the transfer curves are shown) indicates appreciable n-type doping by the Ti
layer. We furthermore determined the work function difference between Ti and graphene by Kelvin force
microscopy, as illustrated in Fig. 6.3b. The detected potential difference of ≈200 meV is in reasonable
agreement with the expected value of 0.3 eV. The somewhat smaller experimental value can be explained by
the n-type doping of the graphene by the Ti.

Figure 6.3. a) Schematic representation of the Gr-TiOx-Ti diode structure (cross-section) and the corresponding band alignment. b) Topographic AFM (left), and surface potential image (right) of the GrIM diode. The
profile along the red line in the surface potential map is shown in the inset. The dashed yellow line in the
potential map marks the graphene sheet. The color code is 0 to 100 nm and -300 to 600 meV in the topology
and potential image, respectively. The scale bar is 2 µm. Electrical performance of the Gr-TiOx-Ti diode with
a four layer-thick graphene sheet. c) Semilogarithmic I-V curves (red squares), obtained for current flowing
from graphene to Ti electrode under a bias applied between graphene and Ti electrode, and resistance change
of graphene channel as a function of bias applied between graphene and the Ti electrode (blue squares). In
this measurement, a small bias of 0.01 V is applied to the graphene channel. d) Asymmetry (red circles) and
non-linearity (blue squares) plotted against applied bias.
The I-V characteristics of a Gr-TiOx-Ti diode (red curve in Fig. 6.3c), acquired between the four layer-thick
graphene sheet and the Ti electrode, displays a diode-like behavior with a high current under negative bias
50

Chapter 6 Graphene-insulator-metal diodes

and a low current under positive bias. Moreover, the graphene channel resistance measured as a function of
bias applied to the Ti electrode (blue curve in Fig. 6.3c) signifies a change of graphene’s work function. The
plot in Fig. 6.3d reveals a maximum asymmetry of 1800 at 1.2 V (red curve) and a corresponding nonlinearity of 7. The decrease of the asymmetry at higher bias is attributable to the rate of the Fermi level shift being
dependent on the applied bias. Specifically, when the Fermi level is near the Dirac point, this rate is high due
to the low density of states. By comparison, when the Fermi level moves away from the Dirac point, this rate
decreases, such that the forward current saturates while the reverse current increases. An additional contribution to the saturation behavior may arise from trap states within the TiOx layer, as discussed below.
The observed device behavior is explainable by a mechanism whose key feature is the modulation of graphene’s work function intrinsically by the applied source-drain bias. Thus imparted change of the transport
barrier height enables “synchronizing” the tunneling and thermal emission currents. This result in a fundamentally different device operation mechanism in comparison to MIM diodes, as schematically illustrated in
Fig. 6.4. In the MIM diode (Fig. 6.4a), transport occurs via thermionic emission (dark-cyan arrows) and tunneling (red arrows). The difference between the metal work functions leads to a trapezoidal potential barrier
at zero bias. When a positive bias V is applied, the barrier height for the thermionic current is reduced to Φ1eV for a small bias, and reaches a minimum value of Φ2 for a high bias. In the negative bias regime, the barrier height for the thermionic current is Φ1, independent of the magnitude of the bias. Therefore, the thermal
current is forward when a positive bias is applied to M1.

170,171

With respect to the tunneling current, it is

relevant that the slope of trapezoid potential decreases upon application of a positive bias, but increases when
a negative bias is applied. Accordingly, the tunneling current is forward when a negative bias is applied to
M1.170,171 The asymmetry of the MIM diode is strongly dependent on the dominant transport mechanism and
the (oxide) insulator layer thickness. It assumes a high value (~exp((Φ1- Φ2)/kBT)) when the thermionic current is dominant and the oxide layer thickness is above 10 nm.174 Conversely, it is quite small (below 100)
when tunneling is dominant and the oxide layer is thinner than 5 nm.174
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Figure 6.4. Comparison between the operation principle of a) a conventional MIM and b) a GrIM diode. Φ1
and Φ2 correspond to the difference between the respective work function of the metal electrode and the electron affinity of the oxide insulator. JTh and JT denote the thermionic emission and tunneling current, respectively. In both cases, it is assumed that the lower work function electrode (M2) is grounded and a potential is
applied to the higher work function electrode (M1 or graphene, Gr). Moreover, possible image potential effects are neglected to a first approximation.
In contrast to the MIM diode, where the barrier height is fixed, in the GrIM diode the barrier height between
graphene and insulator depends on the applied bias, as the latter is able to modulate the work function of
graphene (Fig. 6.4b). In the depicted model, graphene has a higher work function than the metal M2. When a
positive bias V is applied, the work function of graphene increases by ΔΦ, resulting in a barrier height for the
thermionic current of Φ1-eV + ΔΦ. The thermionic current depends on the relative magnitude of eV and ΔΦ.
If eV<ΔΦ, the thermionic current is fully blocked. This condition occurs when the oxide layer is sufficiently
thin and has a very large dielectric constant. When applying a negative bias, the work function of graphene
decreases by ΔΦ, leading to a barrier height is Φ1-ΔΦ. Hence, by contrast to the MIM diode, in the GrIM
diode both the thermionic and tunneling current is forward for negative bias. Due to the bias-induced barrier
height reduction, the tunneling current should exceed that in the MIM structure, thus rendering the former
type of diode more efficient.

Fig. 6.5 shows the diode performance in dependence of the number of layers in the graphene sheet.
According to the above proposed operation mechanism, the performance of the GrIM diode is expected to
increase with the modulation rate of the barrier potential ΔФ(V), which is a function of applied bias. Hence,
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the diode performance should increase when the thickness of the graphene electrode and the TiOx layer is
decreased. In addition, the initial position of the Fermi level in graphene (due to external doping effects)
should also influence the diode performance. Our experiments indeed confirmed both these trends. In
particular, bilayer graphene devices, whose Dirac point was found to be close to 0 V, exhibited an
asymmetry of up to 9000 and a nonlinearity of 8 at 1 V, as depicted in Fig. 6.5c. For the responsivity of the
device, we obtained a value of ≈10/V at +1 V bias voltage, which is above 7/V, thus rendering the overall
performance useful.174

Figure 6.5. Electrical characteristics of the Gr-TiOx-Ti diodes in dependence of the graphene thickness. All
data were acquired at room temperature. a) Semilogarithmic I-V curves of two different diodes comprising a
graphene bilayer (blue squares) and a 6 nm thick graphene sheet (red circles), respectively. b) Normalized
resistance of the graphene channel as a function of Ti top gate voltage. Asymmetry and nonlinearity plotted
vs. bias voltage for c) a bilayer graphene diode and d) a Gr-TiOx-Ti diode comprising a 6 nm thick graphene
layer.
By comparison, for a diode comprising monolayer graphene, we observed an increase of asymmetry for increasingly negative back gate voltages, i.e., when the Fermi level in graphene approaches the Dirac point
which due to the n-type doping of graphene is located within the negative gate voltage regime (Fig. 6.6a).
Moreover, based upon the lateral device size of 3x4 µm2, the on-current density is estimated to be
≈0.1 A/cm2. This value is comparable to those reported for the best MIM diodes realized as Nb-Nb2O5-Pt,174
and much higher than for Nb-TiO2-Pt diodes173 wherein also TiOx serves as insulator. In the GrIM diode, the
Ti electrode acts like a top gate in field-effect transistor configuration. Thus, it is possible to control the work
function of graphene even if the sheet is relatively thick,199 as exemplified in Fig. 6.5b for a GrIM diode with
a 6 nm thick graphene layer. It is noteworthy that the diode performance turned out to depend also on the
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size of graphene area. Specifically, we found that the performance decreases with decreasing the lateral size
of the graphene sheet. This behavior can be attributed to an increasing influence of the Ti/Au contact, which
in the smallest devices is likely to pin graphene’s Femi level in the region below the TiOx/Ti electrode
(Fig. 6.6b).

Figure 6.6.a) Back gate dependence of the asymmetry. The pronounced asymmetry at negative gate voltages
indicates that when the Fermi level in graphene approaches the Dirac point, the lower density of states leads
to a faster Fermi level shift. b) Performance of a GrIM diode with small lateral dimension. The graphene
flake (marked by dashed red square in the inset) has a size of ≈3 µm. For such a small size, low device performance is observed, even for bilayer graphene.
To shine light on the mechanism of charge transport in the diodes, we determined the temperature
dependence of the I-V characteristics of the device in Fig. 6.5. For both the positive and negative bias regime, the current decreases notably with decreasing temperature as shown in Fig. 6.7. In fact, below 100 K,
the current is less than 10-12 A at 1.5 V (see appendix B for corresponding measurements at lower temperatures). This strong temperature activation demonstrates that tunneling is not the predominant transport
mechanism within the bias window of ±1.5 V.

Figure 6.7. Performance of a Gr-TiOx-Ti diode as a function of temperature. a) Semilogarithmic plot of current vs. voltage for a temperature range between 170 K and room temperature. b) Asymmetry of the device
within the same temperature range as in panel a).
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As concluded from the fits in Fig. 6.8a,b, charge transport in the positive bias regime rather occurs through
thermionic emission and Poole-Frenkel tunneling (trap state-assisted tunneling).200 In the bias range from
+1.3 to +1.5 V, the extracted barrier potential for the thermionic mechanism is 180 - 200 meV, while the
barrier height associated with the Poole-Frenkel mechanism is 220 - 240 meV. It follows that the potential
drop across the oxide layer remains quite small even if a high bias is applied (Fig. 6.8). In the negative bias
regime, the experimental current cannot be fitted by either the thermionic emission or the Poole-Frenkel
mechanism. Instead, it is plausible to assume that the barrier height becomes so small that the current passes
directly through the TiOx layer via hopping between the trap states (Fig 6.8c,d).

Figure 6.8. Fits of the electrical data gained from a bilayer graphene Gr-TiOx-Ti diode, based upon the a)
thermionic and b) Poole-Frenkel mechanism.200 The fits in panel a) yield for the barrier height between the
conduction band of TiOx and the Ti electrode values of 199, 176 and 185 meV at 1.3, 1.4 and 1.5 V, respectively. From the fits in panel b), one extracts a barrier height of the trap state of 230, 226, 219 and 240 meV
at 1.3, 1.4 and 1.5 V, respectively. c,d) Band alignment at c) high positive and d) high negative bias applied
to the Gr-TiOx-Ti diode. While at high positive bias, the slope of the potential barrier is almost flat, for high
negative bias the barrier height at the graphene side becomes very small.
The diode asymmetry decreases quite fast upon cooling (Fig. 6.7b). This change is somewhat unexpected, as
FASYM should increase with decreasing temperature if the thermionic current is dominant ((~exp((Φ1Φ2)/kBT)). A possible explanation for this discrepancy involves the presence of trap states inside the TiOx
layer, which limit the charge transport through the barrier. At room temperature, the on-current at high negative bias increases only slowly, while the off-current at high positive bias still exponentially increases with
bias. As a consequence, FASYM first increases upon increasing the bias, then reaches a maximum at a voltage
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of ≈1.1 V, and finally decreases. That the voltage position of the maximum shifts to higher bias upon cooling
can be explained by the presence of trap states, due to which a higher bias must be applied to reach maximum current at lower temperatures. An opposite trend compared to FASYM is observed for FNONLIN, which
increases upon cooling. Furthermore, in the plot of FASYM and FNONLIN (both at a bias of 1.2 V) as a function
of inverse temperature (Figure 6.9), in each case two different exponential regimes can be discerned, indicative of two major types of current contributions. Taking the above observations together, the trap states
emerge as the major factor that limits of the diode performance. Significant reduction of the trap density
could be achieved by alternative methods of depositing the TiOx layer, for instance with the aid of atomic
layer deposition.

Figure 6.9. a) Temperature dependence of nonlinearity of a GrIM diode. b) Plot of asymmetry (red points)
and nonlinearity (blue points) against inverse temperature. The dotted red and blue lines are exponential fits
to the data.
The major advantage of the GrIM diode becomes evident when the minimum possible oxide thickness is
approached. In the conventional MIM diode, the tunneling current is high in the negative bias regime,
whereas the thermal current is high in the positive bias regime. Moreover, its asymmetry is smaller for a very
thin oxide layer (leading to dominant tunneling), as compared to a thick oxide layer (dominant thermal
current). Accordingly, it is rather difficult to achieve good performance of the MIM diode in the high frequency range, for which predominant tunneling is essential. The situation is more favorable for the GrIM
diode, as here the tunneling and thermal current have the same polarity (high current at negative bias), such
that the asymmetry is maintained or even increased when the oxide thickness is decreased. In the Gr-TiOx-Ti
diode with the 6 nm thick TiOx layer (Fig. 6.5), charge transport still occurs mainly through the thermal
mechanism. To investigate the performance for a very thin oxide, we fabricated devices of inverted configuration, wherein a 15 nm thick layer of Ti serves as bottom electrode instead of graphene. A natural, approximately 2 nm thick oxide layer was then formed on the Ti by oxidation under ambient. In the next step, graphene was mechanically exfoliated on top of the Ti-TiOx. For reference, we used Ti-TiOx-Pd devices as typical MIM diodes. The performance of the Ti-TiOx-Gr and Ti-TiOx-Pd devices, both with a natural TiOx layer,
is compared in Fig. 6.10. In the Ti-TiOx-Pd diode, the forward current occurs in the positive bias regime, but
the current at negative bias is also quite high, leading to a low asymmetry of only 30. By contrast, the I-V
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characteristic of Ti-TiOx-Gr diode features the forward current in the negative bias regime, along with a significantly larger asymmetry of 400, one order of magnitude larger than for the Ti-TiOx-Pd device. It should
be noted that the performance of the inverted structure (Ti-TiOx-Gr) is smaller than for the Gr-TiOx-Ti devices. This unexpected difference may be explained by adsorbates from the ambient that restrict the
bias-induced work function change in graphene.

Figure 6.10. Comparison of I-V curves a) and asymmetry b) for Ti-TiOx-Gr (blue triangles) and Ti-TiOx-Pd
(red squares) devices. All data were recorded at room temperature. Both types of devices comprise native
TiOx (formed by Ti oxidation under ambient) with a thickness of approximately 2 nm.
We furthermore studied devices comprising TiOx layers of increasing thickness. In order to reach an oxide
thickness above ≈2 nm, the native oxide formation was combined with subsequent atomic layer deposition of
TiOx. The asymmetry of Ti-TiOx-Pd devices is seen to decrease with decreasing oxide thickness (from almost 7000 to 30), while it increases for the Ti-TiOx-Gr devices (Fig. 6.11), further highlighting the advantage
of the GrIM diode.
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Figure 6.11. Performance of Ti-TiOx-Pd diodes fabricated using a different number of atomic layer deposition cycles of TiOx (i.e., different thickness of TiOx oxide). a) I-V curve and b) the asymmetry at different
bias. The current in the negative bias regime strongly increases with decreasing the TiOx thickness. In all
devices, there is an underlying natural TiOx layer (about 2 nm thick) formed by Ti oxidation in air. c,d) Performance of Ti-TiOx-Gr diodes obtained using a different number of atomic layer deposition cycles of TiOx.
The I-V curves remain almost unchanged upon decreasing the TiOx thickness.

6.4

Hot carrier extraction in Gr-TiOx-Ti diodes: third generation
photovoltaics

Hot carriers generated during chemical reactions or via photoexcitation are important for a wide
range of optoelectronic or molecular processes. For example, heterogeneous catalysis often involves a flow
of hot electrons with an excess energy of 1 to 3 eV. 201 In general, photo-excited hot electrons in a metal can
stimulate various effects, including photoemission, photochemistry, photo-desorption, as well as electrical
doping.201,202 With respect to device physics, hot carriers are relevant for achieving efficient
photodetection,203 and they are a major factor contributing to the degradation of transistors.204 Moreover,
they open up the possibility to enhance the light harvesting efficiency of semiconductor-based solar cells. In
such devices, photons with energies smaller than the material’s band gap cannot be absorbed, while higher
energy photons lose their extra energy via fast thermal-relaxation processes.205 These two major factors limit
the efficiency of single band gap solar cells to 41%.206 One possibility to avoid the loss of non-absorbed pho58
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tons involves the use of heterostructures combining multiple band gaps.205 The relaxation-induced loss of the
extra energy, on the other hand, can be reduced by multicarrier generation,207–209 i.e., photon conversion into
additional electron-hole pairs, or by extracting the hot photo-excited carriers before they relax to the band
edge.189,201,210–213 The above strategies have been pursued for decades, with focus mainly on semiconductor
quantum dots in the case of multicarrier generation, and metallic nanostructures or ultrathin films in the hot
carrier case. However, despite some recent progress in these directions, the maximum attained solar cell efficiency is still below that needed for technological applications.214

Their atomic layer thickness renders 2D materials especially suitable for hot carrier manipulation.215–217 In
this context, graphene has attracted particularly strong attention due to its zero band gap, high intrinsic
carrier mobility, broadband photon absorption, as well as the phonon bottleneck for electrons with low energies (<200 meV).13–15 These features endow excited or hot carriers in graphene with longer lifetimes than in
normal metals,16 thus facilitating extraction of the hot carrier before they relax to the Fermi level. Hence,
many efforts have been directed to exploit hot carriers in graphene, most prominently for photo-electrical
conversion.38–43 However, in these devices the photo-thermal effect usually dominates over the photovoltaic
effect38,39 and due to the small Seebeck coefficient of graphene only very small photo-voltages on the order
of few hundreds of microvolt are obtained.39 For instance, photo-signals generated at graphene-metal junctions, where both photovoltaic and thermoelectric contributions occur, are on the order of several
millivolts.40,43–45 In the following, Gr-TiOx-Ti devices are described which due to the dominance of the photovoltaic effect yield an open circuit potential (Voc) of up to ≈0.3 V after graphene doping. The key strategy
involves the use of TiOx as a hole blocking layer to harness the work function difference between the graphene and Ti electrodes.

The structure of the Gr-TiOx-Ti heterojunction device is schematically illustrated in Fig. 6.12a. As discuss in
the previous section, when the graphene and Ti electrodes are electrically connected, the oxide layer in between is expected to form a trapezoid-shaped barrier. The actual barrier heights for electrons in the graphene
and Ti electrode sides are 0.4 eV and 0.2 eV, respectively, as determined in the previous section. There arise
two possible mechanisms to extract the hot carriers from graphene through the TiOx barrier into the Ti electrode, as shown in Fig. 6.12b. Upon illumination by photons with energy larger than 0.4 eV, electrons in
graphene are excited above the conduction band edge of the TiOx layer. In the first mechanism, the excited
electrons are directly transferred through the TiOx conduction band to the Ti electrode before they relax below the conduction band edge of TiOx (process 1). Here, charge transport can occur either through the empty
conduction band189 or trap states of TiOx. The second mechanism involves fast relaxation of the excited electrons to the newly established quasi-Fermi level, where they reside longer due to the bottleneck of the optical
phonon scattering. From there, the electrons can tunnel (process 2) either directly or indirectly through trap
states in TiOx (Poole-Frenkel tunneling) to the Ti electrode. In addition, electrons at the Fermi level, which
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are heated by the relaxation of photo-excited carriers, can also contribute to the photocurrent of the device.15
At the same time, the light-generated holes are effectively blocked by the deep lying valence band edge of
TiOx.

Figure 6.12. Structural design of the device used for hot carrier extraction from graphene. a) Schematic representation of the Gr-TiOx-Ti device. b) Electronic band alignment of the Gr-TiOx-Ti heterostructure. The
two major mechanisms of hot carrier extraction are denoted by dashed horizontal arrows 1 and 2. c) Room
temperature I-V characteristics acquired with and without laser illumination. The inset is a semi- logarithmic
plot of current in dependence of bias voltage, revealing a Voc and Isc of 0.1 V and 7 nA, respectively. d)
Time-dependent Isc detected upon sample illumination with laser pulses of 1 s (blue dots) and 40 s (red dots)
duration.
Fig. 6.12c shows I-V characteristics, acquired between the graphene and Ti bottom electrode of one device,
without (red curve) and with (blue curve) illumination by a green laser (λ = 514 nm). The dark I-V curve is
rectifying as a consequence of the much more pronounced blocking capability of the TiOx barrier for holes
than for electrons, which leads to the unusual diode-like behavior explained above. This involves the forward
(reverse) current occurring at negative bias (positive) bias, in contrast to conventional MIM diodes. As a
consequence, under illumination a quasi-equilibrium state is created, which reduces the barrier height between graphene and TiOx, explaining the emergence of a comparable photocurrent for both, negative and
positive bias. The semi-logarithmic plot (inset of Fig. 6.12c) reveals generation of a short-circuit current (Isc)
of 6 nA and an open circuit voltage (Voc) of 0.1 V. Remarkably, the detected Voc is two orders of magnitude
larger compared to previous reports on graphene-based devices whose photoresponse is governed by the
photo-thermal effect.38,39 We assign the sizeable Voc to the extraction of hot carriers from graphene.
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However, the fact that Voc is well below values typically observed for conventional solar cells indicates significant hot carrier relaxation. The question of whether this relaxation occurs predominantly within the graphene or TiOx layer will be addressed further below.
To test the importance of the TiOx for the device performance, we investigated also devices without the TiOx
layer (Fig. 6.13). In general, the Ti-Gr devices under illumination displayed lower short circuit currents on
the order of 1 nA, and no detectable open circuit potential (see the semi-logarithmic plot in the inset). This
low Isc is caused by the photo-thermal effect, similar to previous observations on the graphene-metal interface.40,43–45 The above Gr-TiOx-Ti device was further studied under non-continuous illumination (Fig. 6.12d).
Consecutive 1 s pulses (blue circles) yielded a highly reproducible photocurrent response, with a two orders
of magnitude larger and also faster response compared to Gr-Ta2O5-Gr devices.120 Moreover, even after
applying a longer, continuous pulse of 40 s duration (red circles), the signal returns instantaneously to zero
(within our millisecond detection limit).

Figure 6.13. I-V characteristics of the Gr-Ti device without TiOx insulator layer. Although there is a photocurrent response in this device, no Voc is detectable in our measurements.
In order to confirm that the photo-excited carriers originate from graphene, we studied devices comprising
graphene regions of different thickness by scanning photocurrent microscopy (SPCM). In Fig. 6.14a, an optical micrograph of such a device is presented. Fig. 6.14b compares I-V curves acquired under green laser
illumination on a 3 nm and a 6 nm thick region (see Fig. 6.14c), respectively. As apparent from the profiles
in Fig. 6.14d, the Isc induced upon local illumination of the thinner graphene region (14 nA) is twice compared to that at the thicker region (7 nA), whereas both regions displayed the same Voc.
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Figure 6.14. Dependence of photoresponse on graphene thickness. a) Optical image of a Gr-TiOx-Ti device.
b) I-V characteristics recorded by positioning the laser spot (λ = 514 nm, 430 μW power) at the red and
green spot in panel a), corresponding to a multilayer graphene thickness of 3 and 6 nm, respectively. c) Photocurrent map of the device, acquired at 514 nm with a power of 300 μW. The color bar is from 0 to 1.30 nA.
d) Topographic AFM height (blue) and photocurrent (red) profiles, both taken along the vertical blue line in
panel c).
A similar dependence of photocurrent on the thickness of the graphene areas was observed for several other
devices (see Fig. 6.15). Overall, we found that the photocurrent first increases when the thickness increases
from monolayer graphene (Isc ≈ 0.1 nA,) up to 3 nm thick multilayered graphene, which is followed by a
photocurrent decrease up to the largest investigated thickness of 6 nm. This trend displaying a maximum
around 10 monolayers is fully consistent with observations made on the intensity of graphene’s Raman bands
as a function of the number of layers. The latter originates from the interplay of multi-reflection and
interference of the laser light for multilayered graphene on Si/SiO2 substrates.218 An additional contribution
to the photocurrent decrease for thicknesses above 3 nm may arise from electrostatic screening. Such
screening leads to a reduced electric field within multilayer graphene, and affects also the switching capability of graphene-based field-effect transistors.199 That the photocurrent indeed stems from carriers in graphene
gains support by the fact that the alternative mechanism involving photoexcitation of carriers from trap states
in TiOx is quite slow219,220 and hence not compatible with the respectable response speed of the devices (Fig.
6.12d).
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Figure 6.15. Photocurrent of Ti-TiOx-Gr diodes dependence on the thickness of graphene with a green laser
(λ = 514 nm) at a power of 428 μW
Figure 6.16 shows the dependence of the photoresponse on the laser wavelength and photon flux (laser power P normalized by the photon energy hν). Figure 6.16a and b plot Isc and Voc detected under different photon
flux at laser wavelengths of 488 nm, 513 nm, and 633 nm, respectively. Both Isc and Voc are seen to rise with
increasing photon flux and photon energy. Such dependence on photon flux is well-documented for photovoltaic solar cells, as the higher density of excited carriers increases the photocurrent.221 We ascribe the photon energy dependence of Isc to enhanced electron-electron scattering at higher photon energy, which results
in a hotter carrier distribution,15 such that more carriers are able to tunnel into the TiOx. Considering that the
decay time of an excited electron from the excited state to the hot quasi Fermi level is independent of the
photon energy in graphene,15 it follows that the predominant mechanism of photocurrent generation is process 2 (Fig. 6.12b). The carrier dynamics in graphene establishes a new quasi-equilibrium of the hot carriers
around 0.2 ps after the optical phonon scattering.15 As graphite shows a similar carrier dynamics like graphene,222 the conclusion that process 2 is predominant should be valid also for multilayer graphene. In a hot
carrier solar cell, Voc should in principle increase with increasing laser excitation energy. The plot in Fig.
6.16b, however, reveals only a small change of Voc, at least between the two shorter wavelengths of 514 nm
and 488 nm. This observation directly reflects the above mentioned hot carrier relaxation, which renders the
Voc of the present diodes similarly insensitive to the excitation energy like for conventional solar cells.
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Figure 6.16. Dependence of Gr-TiOx-Ti device performance on laser wavelength and power. a) Wavelength
and power dependence of Isc. For consistent comparison, the power was converted to the photon flux (P/hν).
The inset shows Isc as a function of photon energy at constant photon flux. b) Open circuit voltage, c) fill
factor and d) power conversion efficiency as a function of photon flux for three different laser wavelengths.
The calculated fill factor (FF) and the power efficiency of the device are presented in Fig. 6.16c and d. The
power efficiency, defined as η =

Isc .Voc .FF
Input Power

(the input power takes in account the absorption from the top

Ti-TiOx electrodes), decreases with the wavelength and increases with the photon flux. This increase is initially fast, and then slows down. The ratio of Isc to the input power is constant, consistent with the fact that Isc
linearly increases with increasing power. On this basis, the pronounced initial increase of efficiency is
attributable to the change of Voc with photon flux (Fig. 6.16b). The highest detected power efficiency (internal photo-conversion efficiency, IQE) is 0.025% (0.17%). A similarly small value has been documented for
plasmon energy collection in gold/ alumina/gold devices, whose IPCE of less than 1% remains well below
the theoretically predicted maximum of 2.7%.195 A slightly larger IQE of 2.75% could be reached for gold

nanorod-TiOx-Ti devices by ensuring that all collected carriers stem from the gold.223
Further insight into the charge transport mechanism in the diodes could be gained from temperature dependent measurements. As apparent in Fig. 6.17a,b, Isc significantly decreases upon cooling, independent of the
applied bias. This temperature activation behavior points toward the presence of electron hopping between
the trap states within the TiOx layer. Alternatively, hopping may occur between trap states and the conduc64
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tion band of TiOx. The temperature dependence of Isc can be well fitted by an Arrhenius-like exponential
equation: Isc = I0 exp

Δ
2kB T

−

, where kB is the Boltzmann constant, T is the temperature and Δ is the depth of

the trap states.224 From the fits, a barrier height of 0.1 eV is obtained. This value is significantly smaller than
the barrier height for electrons of 0.4 eV (i.e., the difference between the work function of graphene and the
electron affinity of TiOx), and hence in accordance with the band diagram sketched in Fig. 6.12b.

Figure 6.17. Temperature dependence of Gr-TiOx-Ti device performance. The photocurrent is plotted against
inverse temperature at 0 V a) and ±1 V b). The blue and red lines are fits to an exponential decay function.
Temperature dependence of c) the open circuit voltage (Voc) and d) the power conversion efficiency (η), both
between 75 and 375 K.
The temperature dependence of the photocurrent at 1 and -1 V is similar to that at zero bias, although a
higher photocurrent is detected under applied bias. Fig. 6.17c and d shows the temperature dependence of
Voc and the η, respectively, at zero bias. In contrast to Isc, Voc displays a close-to-linear increase upon
cooling. Similar behavior has been documented for, e.g., dye-sensitized solar cells,225 and assigned to thermally excited carriers from the trap states, which reduce the built-in electric field between graphene and the
Ti electrode. Below 150oC, Voc reaches a saturation value of ≈0.2 V, in accordance with the potential
difference between graphene and the Ti electrode.226 From the temperature characteristics of Isc and Voc (Fig.
6.17a and b), one expects η to increase with increasing temperature, as observed by experiment.
Based upon the device operation mechanism put forward in Fig. 6.12b, it should be possible to increase Voc
by p-type doping of the graphene. We have tested this assertion by inverting the device configuration, such
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that the graphene is located on the top of Ti and subsequently depositing a thin layer of the electron acceptor
F4-TCNQ.227 The influence of the doping becomes apparent from Fig. 6.18, which displays I-V curves under
laser illumination for increasing thickness of the F4-TCNQ layer. Evidently, Voc increases with increasing
amount of deposited F4-TCNQ, reaching saturation after three deposition steps (corresponding to a nominal
layer thickness of 6 nm). While Voc increases five-fold from 0.05 V to 0.3 V, Isc decreases slightly, in
accordance with the doping-induced increase of barrier height. These observations further consolidate the
proposed mechanism of hot carrier extraction.

Figure 6.18. Open circuit voltage in dependence of p-type doping of graphene. Increasing deposition of the
electron acceptor F4-TCNQ onto the graphene shifts Voc from 0.05 to 0.3 V.
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Chapter 7 Graphene/black phosphorous vertical heterostructures∗
7.1

Black phosphorous

The lack of a band gap in graphene, which leads to only small on/off ratios,22 renders this 2D

material only partially suited for optoelectronic applications.228,229 Advantageous in this respect is phosphorene, the monolayer constituting black phosphorous (BP) (see Fig. 7.1a). In particular, BP exhibits a fast
and broadband photoresponse,230 a carrier mobility of up to 1000 cm2/Vs (for a thickness of 10 nm),231 a
tunable band gap that varies from 0.35 eV in the bulk to more than 1.5 eV in its monolayer form (direct band
gap, Fig. 7.1b),232,233 as well as the possibility of electrostatic gating.234,235

Figure 7.1. a) Schematic representation of the layered structure of black phosphorous. b) Change of the electronic band structure of BP as a function of the number of phosphorene layers. Figure adapted from ref. 236.
The tunable band gap of BP makes it an attractive material for optoelectronic devices which are able to
absorb light from the visible to the near-infrared range. Such devices might find application in, for example,
energy harvesting, photocatalysis, fiber optics telecommunications, and thermoelectric power generation.236

∗

Parts of this chapter are based on our publications Thin-layer black phosphorus/GaAs heterojunction pn diodes 264 and dual gate black phoshphorus/graphene photodetectors with high responsivity in preparation.
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Various high performance electronic devices combining BP with other 2D materials have been realized, including field-effect transistors,237,238 ultrashort pulse generation,239 as well as pn photodiodes.240,241 In addition, the use such of heterostructures as active component of photodetectors has been described. While they
achieve high responsivity and photo-conversion efficiency, the speed of the devices still needs to be optimized.234,235,241,242

This chapter deals with the use of BP as a component of photodetectors. To this end, two different types of
heterostructures were investigated, which combine BP with either highly n-doped GaAs (section 7.2) or graphene (section 7.3). The first type of device was studied in order to gain first experience with the manipulation and environmental stability of black phosphorous. This knowledge was then transferred to the fabrication of BP/graphene heterostructure devices.

7.2

Black phosphorous/GaAs pn junction

The thin-layer BP/GaAs pn heterojunction devices were fabricated in four steps (see Fig. 7.2a). Ini-

tially, Te-doped n+-GaAs substrates (𝑁𝐷𝐺𝐺𝐺𝐺 ≈ 1024 m-3) were first cleaned/etched and then provided with

AuGeNi contacts using standard e-beam lithography and thermal evaporation. Subsequently, the samples
were annealed in order to diffuse and alloy the contact material into the GaAs substrate, and thus achieve
Ohmic contacts. In the second step, immediately after additional cleaning/etching of the GaAs surface to
remove native oxides and ensure good electrical contact to phosphorene, phosphorene flakes from a BP crystal (Smart Elements, Vienna, Austria) were exfoliated on top using the Scotch tape method. We observed
phosphorene flakes with lateral size up to several µm and thickness down to 10 nm (Fig. 7.2c).
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Figure 7.2. Fabrication scheme of the black phosphorous/GaAs pn heterojunction devices. a) Schematic representation of the device fabrications steps, b) sketch of the cross-section of a completed device, and c) optical micrograph of a heterojunction device (top view).
Separate electrical measurements on individual phosphorene flakes confirmed their p-type behavior (Fig.
7.3). The third step involved thermal evaporation of a 100 nm thick SiOx film at the contact regions, in order
to avoid the formation of a trivial Schottky barrier between the electrical contacts to phosphorene and the
underlying GaAs substrate. In the last step, the black phosphorous flakes and AuGeNi anchor points (closest
to the flakes) were electrically contacted via e-beam lithography and thermal evaporation of 60 nm Ni/90 nm
Au. Fig. 7.2b,c display a schematic of the cross-section and an optical micrograph of a typical device,
respectively. To prevent degradation of the black phosphorous under ambient, a 50 nm thick film of PMMA
was spin-coated onto the substrate directly after the lift-off procedure.

Figure 7.3. Electrical characterization of bare BP sheets. The transfer characteristic was recorded using a bias
of 3 mV under EMI-TFSA liquid electrolyte gating. The orignally p-doped BP can be switched into the ntype regime by the gate action.
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In Fig. 7.4, the band alignment of the n-GaAs/p-black phosphorous heterostructure, as derived from the
Anderson model of semiconductor heterojunctions,243 is schematically illustrated. For the work function of
the heavily n-doped GaAs we assume a volue of approximately 4.1 eV, close to the electron affinity of the
intrinsic material. As the band gap and work function of the BP both depend sensitively on the flake
thickness, we used the numerical values for ten layers of phosphorene of ΦbP = 4.5 eV, χbP = 4.13 eV and

EgbP = 0.6 eV, which should be valid for phosphorene with a thickness of several tens of nm.244,245 Based

upon these values, one calculates a built-in electric potential of Vbi = ΦbP − ΦGaAs = 0.44 eV a conduction

band offset of ΔEc = χbP − χGaAs = 0.06 eV, and a valence band offset of ΔEv = �χGaAs + EgGaAs � −
�χbP + EgbP � = −0.78 eV.

Figure 7.4. Electrical device behavior in the dark. a) Schematic depiction of the band alignment at the BP/n+GaAs heterojunction constructed using Anderson’s model. The valence and conduction band are colored in
green and blue, respectively. b) Room temperature I-V characteristic in linear and log scale (inset) of the
device in Figure 7.2c. c) Asymmetry (pink) and nonlinearity (blue) of the device as a function of forward
bias. d) Effective ideality factor and effective saturation current extracted from fits of the I-V characteristic
(window size of the individual fits: 100 mV).
The output characteristic of the device described above, where the contact to n-doped GaAs is used as source
and the contact to p-doped BP as drain, is shown in Figure 7.4b for the Vsd range of -1 to 1 V. The
asymmetric I-V curve signifies typical rectification behavior in linear and log scale (inset) as expected for a
pn junction. The asymmetry

Isd (V)
Isd (−V)

and the nonlinearity
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extracted from this curve are plotted in Fig.
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7.4c.246 For this specific device, the rectification ratio (= asymmetry) is 120 at a bias of 1 V. From the entire
set of investigated devices, we determined rectification ratios between 100 and 1000. Such notable variation
most likely originates from variations in both, the BP flake thickness and the active device area
(corresponding to a different area to edge ratio of the heterostructures).247 In addition, the fabrication process
itself might slightly change the device characteristics, since BP is chemically quite sensitive against
ambient.248 Another important parameter that can be extracted from the I-V characteristic of the diodes is the
ideality factor n which provides useful information about charge transport mechanism as well as the device
quality.249 Fig. 7.4d displays the effective saturation current I0eff along with the effective ideality factor neff of
Vsd
−
neff kB T

the above device, as extracted from the I-V curve using Isd = I0eff exp �

1� − Ipc , where Ipc is the

photocurrent. Both these parameters contain contributions of a recombination current and Ohmic shunt
(parallel to the diode) and series resistances. At low bias, neff is found to be close to 2, the theoretical value

for an ideal diode where only recombination currents occur at the junction. Upon increasing the bias, neff
reaches a maximum value of 9.7 (at 0.8 V). Such high value indicates strong recombination due to
defects,247,250 which might comprise intrinsic point defects inside the BP, surface defects on it arising from
chemical degradation, or due to a bad contact between BP and GaAs. Another explanation involves the
presence of an alternative transport channel (shunt resistance). In the high bias regime (above 0.8 V), the
ideality factor decreases again as a consequence of the increased diffusion current

The pn diode behavior of the devices could be further confirmed by scanning photocurrent microscopy
measurements (SPCM). Fig. 7.5a,b, respectively, depict an optical reflection image and photocurrent map of
the above device, recorded at Vsd = 0 V using a laser wavelength of 514 nm and a laser power of 36 µW. It is
evident that efficient charge carrier separation and thus photocurrent generation exclusively occurs at the
region, where the BP flake and the underlying GaAs substrate form a heterojunction. The negative sign of
the photocurrent is in accord with the corresponding band diagram in Fig. 7.4b. Moreover, the uniformity of
photocurrent over the whole BP region even near the Ni/Au contact, combined with the absence of
photocurrent generation at the AuGeNi contact to GaAs, prove that the asymmetric I-V characteristic originates from a real pn junction rather than Schottky barriers at the contacts to the individual semiconducting
components. In the latter case, a gradual decrease of photocurrent with increasing the distance from the contact is commonly observed.45 Although a (small) Schottky barrier might exist between Ni/Au and BP the
overall photocurrent signal is clearly dominated by the signal located at the pn junction.
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Figure 7.5. Zero-bias photoresponse. a) Optical reflection image and b) photocurrent map of the device in
Fig. 7.2c. c) Photocurrent as a function of laser power at λ = 514 nm. The signal was acquired from the green
circle in panel a). The blue shaded region visualized current saturation.
The dependence of photocurrent on laser power is illustrated in Fig. 7.5c, which plots the maximum photocurrent of the same device extracted from individual zero-bias photocurrent maps recorded at different light
powers. The linear increase of photocurrent with increasing light power is in agreement with the established
behavior of photodiodes. From a linear data fit, one obtains a responsivity R = Ipc/Plight of 37 mA/W (at zero
bias and λ = 514 nm), comparable to values reported for BP/MoS2 or CNT/MoS2 heterojunctions, although
the latter were recorded under sizable bias.251,252 Above approximately 30 µW, the photocurrent abruptly
flattens (at about 1.1 µA) owing to the saturated optical absorption of the BP flake at high light intensities. In
the present device, due to the very high doping level of the GaAs, the space charge region is mostly confined
to the BP layer (see Fig. 7.6), whereas only a very thin positive space charge region exists in GaAs. Hence,
the magnitude of the photocurrent is mainly governed by the number of available charge carriers inside the
BP flake. The thickness of the depletion layer can be estimated by the equation:
𝑏𝑏

𝐺𝐺𝐺𝐺 �2 (𝑉

2∙𝜀𝐺𝐺𝐺𝐺 𝜀𝑏𝑏 ∙�𝑁𝐴 +𝑁𝐷
𝑊 = � 𝑏𝑏
𝑏𝑏
𝐺𝐺𝐺𝐺
𝑞𝑁𝐴 𝑁𝐷

𝑏𝑏 −𝑉)

𝐺𝐺𝐺𝐺 𝜀
�𝑁𝐴 𝜀𝑏𝑏+𝑁𝐷
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if GaAs is considered, or by:
𝑊=�

2∙𝜀𝑏𝑏 ∙(𝑉𝑏𝑏 −𝑉)
𝑏𝑏
𝑞𝑁𝐴

(7.2)

GaAs
and thus the depletion layer only forms inside the BP sheet. In equations
if it is assumed that NAbP ≪ ND

GaAs
7.1 and 7.2, NAbP , ND
and εGaAs , εbP are the carrier densities and dielectric constants of BP and GaAs,

GaAs
respectively, and Vbi is the built in potential. For the estimation we used NAbP ≈ 1.2·1023 m-3, ND
≈

2.7·1024 m-3, εbP = 10, εGaAs = 12 and Vbi = 0.44 eV. It can be seen, that the part of the depletion layer
inside GaAs can be neglected. Another reason is screening by the photo-generated carriers which eliminates
the bias across the depletion layer.253

Figure 7.6. Estimation of the depletion layer thickness. The results obtained when GaAs is considered or
neglected in the depletion layer calculation are almost identical, revealing that the depletion layer only forms
inside the BP sheet.
The photo-response of the device exhibits a clear wavelength dependence, as evident from Fig. 7.7a, which
plots the external quantum efficiency EQE =

Ipc

hc
∙
Plight eλ

(where h is the Planck constant, c is the speed of

light, e is the elementary charge and λ is the laser wavelength) at zero bias as a function of light power and
laser wavelength. The EQE reaches a maximum value of 9.7% for λ = 514 nm, which is of the same order of
magnitude as reported for atomically thin TMDC heterostructures.254–256 For higher laser power the efficiency drops drastically due to the current saturation effect apparent in Fig. 7.5c. The observation of maximum
EQE at λ = 514 nm is consistent with the reported behavior of electrostatically define phosphorene pn junctions, and attributable to enhanced optical absorption around this wavelength arising from van Hove singularities in the joint density of states.257
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Figure 7.7. Photoresponse under applied bias. a) EQE as a function of laser power for different laser light
wavelengths. b) The plot shows the external quantum efficiency (EQE) as a function of bias voltage at λ =
514 nm. The maximum photocurrent was extracted from individual photocurrent maps recorded at different
bias voltages. In the inset, the crossover from a pn junction to flat bands to normal resistive behavior is indicated by corresponding band alignments.
Toward evaluating the bias dependence of the EQE, we recorded photocurrent maps at different bias
voltages for a constant laser power of 8.6 µW and a laser wavelength of 514 nm. Thus gained EQE values
(Fig. 7.7b) monotonously increase with increasing reverse bias, as expected from the enhanced band bending
and the size of the depletion layer. As a consequence, at an applied bias voltage of -1 V the EQE doubles
compared to zero bias. By comparison, application of an increasing forward bias flattens out the band bending, such that the photocurrent decreases significantly. This trend continues until the flat-band situation is
reached at approximately Vfb = 0.6 V. Upon further increasing the forward bias, the applied voltage drops
over the entire device, whereupon the photocurrent sign changes (see Fig. 7.8) and the EQE increases again.
Within the entire set of investigated devices, we observed EQE values of up to 31% at a bias of -2.5 V.

Figure 7.8.Gate dependence of the photocurrent around the flat band condition. The photocurrent of the device changes sign from negative a) to positive b) when the bias is larger than the built-in voltage Vbi.
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We further explored the photoresponse of the BP/GaAs pn heterojunctions in dependence of laser power.
Fig. 7.9a compares I-V traces of the above device for a series of different laser powers (λ = 514 nm) recorded
with the laser spot at a fixed position (green circle in Fig. 7.5a). Upon increasing the laser power, both the
short circuit current Isc as well as the open circuit voltage Voc can be seen to first increase and then to saturate. This behavior reproduces the laser power dependence in Fig. 7.5c. The maximum open circuit voltage
of ≈0.6 V corresponds well to the estimated band gap of ≈0.56 eV for the present BP sheet (15 nm, thick). It
is noteworthy that the experimental transport band gap of BP with the same thickness is smaller than this
estimate.232 In Fig. 7.9b, the electrical power Pel = Vsd ∙ Isd is plotted as a function of the applied bias for the
corresponding laser powers. In conjunction with the open circuit voltages Voc (see inset of Fig. 7.9c) and the

short circuit currents Isc, a maximum fill factor FF = V

Pel

oc ∙Isc

= 0.3 is obtained for this device. This value is

inferior to the typical range of 0.5 - 0.8 documented for conventional solar cells.258

Figure 7.9. Photovoltaic device characteristics. a) I-V curves and b) corresponding electrical power output of
the device depicted in Figure 7.2c for different laser powers (λ = 514 nm). The signal was recorded from the
green circle in Figure 7.5c. c) Open circuit voltage as a function of short circuit current derived from the plot
in panel a). The pink curve is a data fit. Inset: Open circuit voltage in dependence of laser power. d) Photoconversion efficiency of the device as a function of llaser power. The deviation of the data point at lowest
laser power is due to the limited resolution in these measurements.
Closer analysis reveals that this difference results from a low shunt resistance Rsh combined with a high series resistance Rs in the present devices (see Figure 7.10).259 The former testifies the presence of an alternative current path for the separated electron-hole pairs, such as charge transport through a Schottky barrier
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between the metal contact to BP and the underlying GaAs (formed due to possible imperfections in the
SiOx). The high series resistance, on the other hand, is a direct consequence of the quite high contact resistance between Ni/Au and BP (see Fig. 7.10). In fact, we observed a two-point resistance in the MΩ range
for the BP flakes, whereas much lower values on the order of tens of kΩ have been reported by others.233 The
origin of the non-optimal contacts in our devices remains to be clarified, although the high surface reactivity
of BP is most likely involved. The above scenarios are consistent with our fitting model of the dark current,
where the extracted ideality factor is significantly higher than the values expected for an ideal pn junction.

Figure 7.10. Estimation of the shunt and series resistance. a) Full bias range of the I-V curves shown in the
main text. The linear parts around V = 0 were used to estimate the shunt resistance Rsh, the linear parts
around I = 0 could be used to estimate the series resistance Rs. b) Equivalent circuit for a real solar cell. The
current IL generated inside the cell can flow through the diode (blue) or a parallel shunt Rsh resistance (pink).
All resistances of the contacts/interfaces are included in a series resistance Rs (orange). c) Rsh (extracted from
the plot in panel a)) for different light powers. The characteristic resistance Voc/Isc is given as a comparison.
Since both values are on the same order of magnitude the fill factor is expected to be low. d) Rs (extracted
from the plot in panel a)) for different light powers. The series resistance, which is most likely dominated by
the resistance between the BP sheet and the underlying GaAs, and the contacts resistance to the BP flake is
on the order of 1MΩ which further reduces the efficiency of the devices.
In Fig. 7.9c, the open circuit voltage Voc of the above device is shown in dependence of the short circuit
current Isc. Theoretically, the open circuit voltage Voc should increase with the light-generated current IL
(≈ Isc) according to Voc =

nkT
I
ln �IL
q
0

+ 1�. The pink curve in Fig. 7.9c represents a data fit based on this mod-

el, which yields an ideality factor of n = 2.3 and a saturation current I0 = 0.17 nA. Both these values coincide
very well with those extracted from the I-V curves in the low bias regime (see Fig. 7.3d). Furthermore, based
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upon the maximum electrical power Pel,max for different laser powers Plight the photo-conversion efficiency
Pel,max / Plight can be calculated. It features a maximum of 0.24% and decreases notably with increasing laser
power (see Fig. 7.9d), comparable to the performance of van der Waals heterojunctions composed of ultrathin layers of BP and molybdenum disulfide (MoS2).251

7.3

Graphene/black phosphorous pn junctions

The device structure fabricated to combine the fast photoresponse of graphene with the strong optical

absorbance of PB is schematically illustrated in Fig. 7.11a. For these devices incorporating a vertical gr/BP
junction, a higher responsivity, quantum efficiency and speed were observed at zero gate voltage and under
short-circuit conditions, as compared to similar BP-based pn junctions.

Figure 7.11. Structural design of the gr/BP device comprising a p-p+ junction. a) Schematic representation of
the vertical gr/BP heterostructure device. b) Room temperature I-V characteristics acquired with and without
laser illumination. The inset is a semi-logarithmic plot of current in dependence of bias voltage, for two different devices with a respective BP thickness of 30 and 100 nm. c) Electronic band alignment expected for
the gr/BP heterostructure.
Fig. 7.11b shows the I-V characteristics acquired from two different gr/BP heterojunction devices with a BP
sheet thickness of 100 nm (denoted as “thick”) and 30 nm (denoted as “thin”). In both cases, comparison is
made between illumination by a green laser (λ = 514 nm) and without illumination (black curve). The semilogarithmic plot in the inset reveals the generation of a short-circuit current (Isc) of 90 nA and 1.4 nA, respective, along with an open circuit potential (Voc) of 9 and 5 mV for the devices with thick and thin BP sheets,
respectively. The higher photocurrent observed for the thick BP is in accordance with a previously reported
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trend,260 can be explained by the increase in optical absorption combined with the decrease in the band gap
with increasing number of layers in BP.232. Moreover, the sign of the photocurrent points toward the band
alignment proposed in Fig. 7.11c, where the graphene is p-doped and the BP is p+-doped. These doping
levels are corroborated by the corresponding transfer characteristics (Fig. 7.12), with graphene displaying its
neutrality point close to 20 V, whereas that of BP is even above 100 V. Such strong p-doping has previously
been reported for thick BP devices and gr-BP heterostructure transistors.238,261

Figure 7.12. Back gate dependence of the resistance of the graphene (green circles) and the BP (black
squares) channel. The pronounced shift of the Dirac point to positive gate voltages is indicative of p-type
doping of the graphene and p+ doping of the BP.
Further evidence for the doping character of the two components could be gained by Raman spectroscopy.
The Raman spectra of graphene before and after the exfoliation of BP on top (Fig. 7.13a) reveal a shift of the
G peak from 1593 cm-1 (black curve) to 1587 cm-1 (green curve), together with an increase of the IG/I2D ratio
from 0.88 to 0.97, with both changes indicating reduced p-doping of graphene.85 In combination with the
transfer curve in Fig. 7.12, it can be concluded that the BP reduces the originally strong p-doping of the graphene by electron transfer, whereupon the BP itself becomes p+-doped. Also the Raman spectra of bare BP,
gr/BP and the gr/BP heterostructure after deposition of the top gate contact (Fig. 7.13b) display peak shifts.
Yu et al.235 have reported a shift of the A2g mode with chemical doping of BP. For the bare BP, we observe a
shift of 1 cm-1 compared to the previously reported value of 467.7 cm-1.262 Although of small magnitude, this
shift underscores the highly p-doped character of the bare BP. Similar to the graphene case, after the exfoliation of BP the IB2g/IAg ratio has changed, an observation that we tentatively ascribe to enhanced p-doping of
the BP, in accordance with the band diagram in Fig. 7.11c. The IB2g/IAg ratio return to the value of 0.83 after
the deposition of the top gate contact, suggesting a decrease of the p-type doping, in agreement with the shift
of the charge neutrality point discuss towards the end of the chapter and with previous reports.260
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Figure 7.13. Raman spectra of the gr/BP device. a) Raman spectra of graphene before (top spectrum) and
after the exfoliation of BP on top (bottom spectrum). b) Raman spectra of bare BP, BP/gr and the BP/gr
heterostructure after deposition of the top gate contact (from top to bottom).
As already mentioned, one of the main drawbacks of BP-based heterostructures is their only moderately fast
photoresponse on the order of ms.251 To test the response time of the present devices, they were illuminated
by light pulses of 1 ms and 1 s (Fig. 7.14a and b). The time traces show that the photocurrent instantaneously
reaches its maximum value, and when the light is turned off, it immediately (with the ms time resolution of
the set-up) returns to the dark current level. Upon application of repeated pulses (˃40), the photoresponse is
seen to be well reproducible (Fig. 7.14d). Even for pulses of 1000 s (Fig. 7.14d), the photocurrent decreases
by less than 3%, and it instantaneously returns to the dark current level after each pulse, demonstrating a
stable and fast response.

Figure 7.14. Time-dependent photocurrent Isc of BP/gr devices detected upon sample illumination with laser
pulses of a) 1 s, b) 10 s, c) 1 s and d) 1000 s duration each (λ = 514 nm).
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To evaluate the photocurrent behavior of the gr/BP devices in more detail, scanning photocurrent microscopy
(SPCM) measurements were performed. Fig. 7.15a and b shows the reflection image and a photocurrent map
of the “thick” device (recorded with a laser power of 50 µW), respectively. The positive photocurrent
generated at the junction corresponds to an electron (hole) flow towards the gr (BP). This behavior is compatible with the upwards bending of the energy bands of BP when it gets in contact with the graphene (Fig
7.11c). The Isc observed in the SPCM we expected to be predominantly due to photo-thermal effects, according to the study of Low et al.263 which concluded that at low bias and high doping levels (i.e., sizable electron-electron scattering), this mechanism dominates over bolometric and photovoltaic effects.

Figure 7.15. Photoresponse of the gr/BP heterostructure device. a) Reflection image and b) photocurrent map
of the device, acquired with λ = 514 nm and a laser power of 297 μW. The color bar ranges from -1 to 10
nA. The inset on the left shows the AFM height profile along the blue line in panel a).
It has been reported that close to the charge neutrality point of BP, where the doping level is low, the photocurrent generation mechanism changes from predominantly photo-thermal to photovoltaic, leading to an
increase in the quantum efficiency of BP.260,263 This conclusion is support by the increasing in the photocurrent observe in Fig. 7.16a. That the photocurrent does not reach a maximum is due to the highly p-doped
character of the BP which brings the charge neutrality point out the accessible gate voltage range. Furthermore, the photocurrent in dependence of the gate voltage is seen to be higher for positive source-drain bias
(Fig. 7.16b). In this measurement, VSD was kept below 0.2 V in order to remain within the photo-thermal or
photovoltaic regime, thus avoiding the photo-bolometric mechanism that sets in at higher bias voltages.260,263
The back gate voltage dependence of the photocurrent (recorded at ±0.2 V source-drain bias) follows the

same trend as described above for zero bias, although the photocurrent is one order of magnitude higher.
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Figure 7.16. Dependence of the photocurrent of a gr/BP device on a) the source-drain bias and b) the back
gate voltage.
In further experiments, the IQE and the responsivity of the gr/BP devices was determined as a function of
source-drain bias and gate voltage (Fig. 7.17a and b, respectively). The first two quantities were calculated
assuming that BP absorbs approximately 30 % of the incoming light. This yields a maximum IQE and
responsivity of 13% and 10.7 mAW-1, respectively, at a gate voltage of 100 V gate and a source-drain bias of
0.2 V. These values exceed those reported for photodiodes composed of heterostructures of BP and a 2D
material,234,241,242 and are comparable to that of pn junctions based on BP-GaAs264 and of the most efficient
photodetectors based on BP.236,260,261,265 The photoresponse in dependence of laser wavelength and photon
flux (laser power P normalized by the photon energy hv) is plotted in Fig. 7.17c and d. Isc rises with both,
increasing photon flux and photon energy. Such dependence on photon flux is well-documented for BP photo-electronic devices.230 Remarkably, gr/BP junctions like other BP-based devices display a sizable
photoresponse close and into the infrared.230,261 It is apparent from Fig. 7.17d that he IQE as well as the
responsivity saturates at higher photon flux. This behavior can be accounted for by the specific recombination kinetics of the photoinduced carriers in BP, combined with their self-interactions and with the
trastates.230,264
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Figure 7.17. Dependence of the gr/BP device performance on the source-drain bias, gate voltage, laser wavelength, and laser power. a) IQE vs. source-drain bias. b) IQE and responsivity vs. back gate voltage for
different source-drain voltages. c) Photocurrent vs. photon flux (laser power P/hν) for different laser energies. d) IQE and responsivity vs. photon flux for different laser energies.
In connection with Fig. 7.16a and 7.17b, it was mentioned that it is not possible to reach the charge neutrality
point by the back gate action. This limitation is due to the finite screening length of BP260,266 and the appreciable thickness of the BP sheet (100 nm). Therefore, a top gate electrode was implemented into the “thin”
device in order to enhance the gating field. Interestingly, after the top gate deposition a decrease in the
p-doping level of the BP was observed, in agreement with the behavior of similar devices260 and supported
by Raman spectroscopy (see Fig. 7.13). The photocurrent dependence on the top gate voltage (Fig. 7.18a)
shows a maximum close to the charge neutrality point, reflecting a maximum responsivity of ≈1.1 mAW-1
and maximum IQE of 1.4% for the thin device. Furthermore, the dual gate behavior of the device (Fig.
7.18b) is similar to that observed for BP top-gated devices.260 For thin BP-based devices it is possible to control the photocurrent sign by electrostatic gating, whereby the photocurrent generation mechanism changes
from photo-thermoelectric via photo-bolometric to photovoltaic.
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Figure 7.18. Modulation of the photocurrent of a gr/BP heterostructure device by the back and top gate
voltage. a) Photocurrent map in dependence of bias voltage and top gate voltage. b) Dual gate photocurrent
map.
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Chapter 8

Summary and outlook

In this thesis, the electronic properties of graphene were successfully tuned by its implementation into either
lateral or vertical heterostructures. In the first case, chemical functionalization was utilized to create sp3 hybridized patterns within a graphene sheet, whereas in the second case, the graphene was combined with either another 2D material (black phosphorous, BP) or an oxide insulator (TiOx).
Toward the covalent functionalization of graphene, a novel method was explored, specifically the hyperthermal molecular ion collision with 4,4´-azobis(pyridine) (AZP). This one-step, non-destructive method was
demonstrated to work very well with CVD graphene on Si/SiO2 substrate. Raman scattering in combination
with XPS proved the covalent attachment of azopyridyl-groups to the carbon framework of graphene, with a
high functionalization degree of 3%, while AFM imaging showed that the graphene sheets retains its topographic integrity.

The new functionalization protocol based upon hyperthermal ions opens intriguing perspectives, in particular
to achieve reactions on graphene that are otherwise not feasible because the large activation barrier cannot be
overcome. In future experiments, a wide range of molecules could be used instead of the AZP. One option
are metallo-phthalocyanines, which likewise contain pyridine groups.267 Moreover, the class of heteropoly
acids, exemplified by phospho-tungstic-acid (PTA) in Fig. 8.1, could also be covalently appended to graphene, which could open interesting (electro-)catalytic applications.

Figure 8.1. Chemical structure of phosphor-tungstic acid (PTA) used in the deposition with ESI on CVD
graphene.
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Besides using alternative molecules, also the details of the hyperthermal reactions could be further tuned, for
example, by adding an electric field to control the landing location of the impinging ions and thereby to
attain a patterned functionalization. In this manner, the need for a polymer resist mask (like PMMA) could
be avoided.

As a second covalent functionalization approach, the oxidation of graphene by osmium tetroxide vapor was
investigated. Raman spectroscopy, AFM and electrical transport measurements revealed a high coverage of
oxygenated functional groups on graphene. The method could also be used to pattern functionalized graphene stripes within an extended graphene sheet. Electrical transport measurements across such a stripe featured an on/off ratio as high as 500 at low temperature. At room temperature, the charge transport was found
to be dominated by 2D hopping. Further improvement could be made by performing the modifications and
the subsequent electrical measurements under vacuum, with the aim of minimizing doping effects due to
water molecules in the ambient.268 This procedure may yield a more defined band gap and hence higher
on/off ratios.163 Furthermore, the reaction to be tested also with CVD graphene, which is available in larger
areas than the here studied exfoliated graphene.

The first type of investigated graphene-based heterostructure was a Ti-TiOx-graphene diode. The operation
mechanism of these devices was shown to be different from that of conventional MIM diodes, and enables a
performance enhancement upon decreasing the oxide thickness, thus overcoming a major weakness of MIM
diodes. It involves the bias-induced modulation of the work function of graphene, which in turn alters the
transport barrier height. The Gr-TiOx-Ti diodes exhibit a very high asymmetry and nonlinearity of up to 9000
and 8, respectively, while maintaining a large on-current of 0.1 A/cm2 at 1 V, rendering the devices competitive to state-of-the-art MIM diodes. In future experiments, it may be possible to further improve the device
performance by optimizing the cleanliness of the graphene as well as the structural quality of the oxide layer.
In addition, the Si/SiO2 substrate could be replaced by quartz in order to test the diode behavior at high frequencies. For real technological applications, an up-scaling to wafer size would be needed.

The Ti-TiOx-graphene diodes turned out to be very interesting also as photovoltaic devices. They display a
maximum open-circuit voltage of 0.3 V and a short-circuit photocurrent of 14 nA under global illumination.
The observation of a sizeable photovoltage constitutes the first-time proof-of-principle of hot carrier
extraction from graphene. Although the photo-conversion efficiency of the diodes is still quite low, it might
be improvable by minimizing the trap state density in the TiOx or by work function engineering of the metal,
graphene and insulator. However, as the optical absorption of graphene is quite weak, practical device application would require transferring the operation principle to other semimetallic 2D materials, such as TiSe2.
Furthermore, it may be worth trying to extend the principle to thin metal films. Preliminary experiments in
this direction indicated that Pd and Au (instead of graphene) yield a higher open- circuit potential and short87
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circuit current. In the case of palladium, the open-circuit potential reaches up to 0.45 V, rendering this configuration of interest not only for photovoltaic also photocatalytic applications.211

As another type of vertical heterostructure, heterojunctions comprising graphene as the p-type component
and BP as p+-type component were studied. The devices achieved a maximum IQE and responsivity of 13%
and 10.7 mAW-1, respectively. This efficiency is the highest thus far reported for diodes consisting of a
heterostructure of BP and another 2D material. As a promising perspective for future experiments, the nature
of these two materials enables chemical and physical doping, whereby the photocurrent signal might be further increased. Further tuning of the photocurrent could be achieved by carefully adjusting the BP thickness.

Complementary to the graphene-BP heterojunction devices, diodes composed of multilayered BP as the
p-type component and GaAs as n-type component were investigated. The latter devices exhibited pronounced rectification behavior, which in the low bias regime approaches that of ideal diodes. Moreover,
when operated as photodiodes they reached external quantum efficiencies of up 10% under zero bias, and
more than 30% under higher reverse bias. Despite these impressive values, the device performance is still
limited, as reflected by a quite low fill factor (<0.3), as well as an only moderate electrical power output.

For both types of BP-based diodes, significantly improving the overall device performance will critically
depend on devising strategies to control the very sensitive surface chemistry of the BP. As very recently
demonstrated for BP-based FETs, the ambient stability of the BP surface can be increased for instance by
Te-doping.269
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Chapter 9

Appendix

Appendix A. Back gate dependence of the normalized resistance of the graphene channel before and after
deposition of 25 nm of Ti on top. The pronounced shift of the Dirac point to negative gate voltages is indicative of n-type doping of the graphene by the Ti.

Appendix B. Semilogarithmic I-V plots of a Gr-TiOx-Ti diode, measured as a function of temperature. The
range of bias that was applied depends on the temperature. Below 60 K, the I-V characteristics are independent of temperature within the range of ±3 V, identifying direct tunneling as the dominant current contribution. Below 100 K, only very small currents are detected for ±1.5 V, indicating that the direct tunneling is

negligible in this bias window. Above 100 K, the current displays a strong temperature dependence, which
can be explained by thermionic emission and the Poole-Frenkel mechanism as the major transport contributions.
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