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Cover. Background: optical microscopy image of a large-scale ultrathin MoO3 
crystal transferred onto a SiO2 substrate. Front: optical microscopy image of a 

mechanically exfoliated franckeite-based photodetector. The curves correspond 
to the current in dark (white line) and upon illumination from the NIR to the UV.  
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Abstract  

The discovery of graphene, an atomically thin layer of carbon atoms, in 2004 
by Andre Geim and Konstantin Novoselov [Novoselov, 2004] stirred up the sci-
entific community due to the novel and interesting properties found in the material. 
High electron mobility, strong Young modulus, very high thermal conductivity, 
complete impermeability to any gases or high current density are some of the main 
properties of this material [Geim, 2007; Novoselov, 2012]. Although it might look 
like graphene is the wonder material for several applications, its use in electronics 
has become highly challenging due to the absence of a bandgap in its electronic 
structure. There have been several attempts to introduce a bandgap in the electronic 
structure of graphene [Zhang, 2009] and the further fabrication of graphene-based 
transistors [Schwierz, 2010], but it always results in a reduction of the electron 
mobility or the requirement of high voltages [Xia, 2010].  

Nevertheless, even if graphene is not such a great candidate for electronic ap-
plications, it opened the door to the fabrication and synthesis of low-dimensional 
electronic structures. In this way, the first semiconductor isolated in a two-dimen-
sional configuration was molybdenum disulfide (MoS2), in 2011, when the first 
field-effect transistor (FET) employing a two-dimensional semiconductor was de-
veloped [Radisavljevic, 2011]. From that moment, more than ten two-dimensional 
semiconductors have emerged: transition metal dichalcogenides (MoS2, MoSe2, 
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WS2 or WSe2), black phosphorus, Re-based chalcogenides or transition metal 
trichalcogenides [Castellanos-Gomez, 2016]. Together with the two-dimensional 
materials, the one-dimensional materials have also gained attention, finding inter-
esting applications with nanowires of different semiconductors such as SnO2 [Lin, 
2008], TiO2 [Tsai, 2012], carbon nanotubes [Sapmaz, 2003] or ZnO [Bai, 2011; 
Ates, 2012]. These materials present different bandgaps, meaning that each one 
can be suitable from different applications like FETs, photodetectors, solar cells, 
etc [Wang, 2012; Lopez-Sanchez, 2013; Buscema, 2014; Island, 2014]. Therefore, 
the quest for finding the best low-dimensional material for each application is 
opened. 

From a synthesis point of view, the most used method to obtain two-dimen-
sional crystals is the so-called Scotch tape method, which basically consist of me-
chanically exfoliating layered materials with an adhesive tape to reduce the mate-
rial thickness, obtaining micrometer-size (in lateral dimensions) crystals. By this 
method, the exfoliated materials can be transferred to arbitrary substrates by just 
placing the adhesive tape holding the crystals on the substrate and peeling it off 
really slow. Another approach consist of directly synthesizing the two-dimensional 
crystals on a substrate by molecular beam epitaxy (MBE) or chemical vapor dep-
osition (CVD), but these methods involve complex and time-consuming proce-
dures which are difficult to scale up. 

In this thesis we explore new semiconductors in low-dimensional systems such 
as field-effect devices or photodetectors with two-dimensional crystals or one-di-
mensional nanoribbons or nanowires as semiconducting channel. We employ dif-
ferent methods to synthesize the materials (mechanical exfoliation, air-pressure 
CVD) and fabricate functional devices (deterministic transfer, e-beam lithogra-
phy), explained in Chapter 2. We use different experimental techniques to study 
the properties of the materials (scanning electron microscopy, STM), as well as the 
characterization of the synthetized material (X-ray photoelectron spectroscopy, 
XPS) and the fabricated devices (electronic transport and photoresponse in field-
effect devices), which are explained in Chapter 3. 
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We study four different materials: TiS3, TiO2, MoO3 and franckeite. We first 
explore one-dimensional systems based on TiS3 nanoribbons and TiO2 nanofibers 
by studying the bandgap and the exciton binding energy of TiS3 nanoribbons, as 
well as its thermal stability in field-effect transistors. We also characterize the pho-
toresponse of TiO2 single nanofiber-based UV-photodetectors (Chapter 4). 

We also study two-dimensional systems based on centimeter-scale ultrathin 
MoO3, used in field-effect devices, UV-photodetectors and self-driven voltage de-
vices, and in franckeite, a two-dimensional van der Waals heterostructure that has 
been employed in field-effect devices, NIR-photodetectors and p-n junctions 
(Chapter 5). 

  



 

 - 

  

4 

 

  



 

- 

5 

 

 

 

 

 

El descubrimiento del grafeno, una capa de espesor atómico formada por áto-
mos de carbono, en 2004 por Andre Geim y Konstantin Novoselov [Novoselov, 
2004] revolucionó a la comunidad científica debido a las novedosas e interesantes 
propiedades del material. Alta movilidad de electrones, alto módulo de Young, alta 
conductividad térmica, impermeabilidad frente a cualquier gas o altas densidades 
de corriente son algunas de las principales propiedades de este material [Geim, 
2007; Novoselov, 2012]. Aunque pueda parecer que el grafeno es el material idó-
neo para muchas aplicaciones, su uso en electrónica supone un gran desafío debido 
a la ausencia de un gap en su estructura de bandas (bandgap). Se ha intentado abrir 
un gap en la estructura electrónica del grafeno [Zhang, 2009] y la consecuente 
aplicación en transistores basados en grafeno [Schwierz, 2010], pero siempre re-
sulta en una reducción de la movilidad de electrones o requieren el uso de altos 
voltajes [Xia, 2010]. 

Sin embargo, a pesar de que el grafeno no parece ser un gran candidato para 
aplicaciones en electrónica, ha abierto la puerta a la fabricación y síntesis de ma-
teriales bidimensionales, como el disulfuro de molibdeno (MoS2), el primer semi-
conductor bidimensional que, en 2011, dio lugar al primer transistor de efecto 
campo (FET, por sus siglas en inglés) que empleaba un semiconductor ultradel-
gado [Radisavljevic, 2011]. Desde entonces, se ha descubierto más de diez semi-
conductores bidimensionales: dicalcogenuros de metales de transición (MoS2, 
MoSe2, WS2 o WSe2), fósforo negro (b-P, por sus siglas en inglés), calcogenuros 
basados en Re o tricalcogenuros de metales de transición [Castellanos-Gomez, 
2016]. Junto a los materiales bidimensionales, los materiales unidimensionales 
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también atraen la atención, encontrando diversas aplicaciones con nanohilos semi-
conductores como SnO2 [Lin, 2008], TiO2 [Tsai, 2012], nanotubos de carbono 
[Sapmaz, 2003] o ZnO [Bai, 2011; Ates, 2012]. Todos estos materiales presentan 
diferentes bandgaps que los hacen apropiados para distintas aplicaciones como 
FETs, fotodetectores, celdas solares, etc. [Wang, 2012; Lopez-Sanchez, 2013; 
Buscema, 2014; Island, 2014]. Por tanto, la búsqueda del material bidimensional 
más adecuado para cada aplicación sigue abierta. 

Desde un punto de vista de la síntesis, el método más usado para obtener cris-
tales bidimensionales es el denominado método Scotch tape (por su nombre en 
inglés), que consiste en la exfoliación mecánica por medio de una cinta adhesiva 
para reducir el espesor del material, obteniendo cristales de dimensiones laterales 
micrométricas. Los cristales pueden ser luego transferidos a sustratos arbitrarios 
colocando la cinta adhesiva que contiene los cristales sobre el sustrato y retirándola 
despacio. Otra manera de obtener cristales bidimensionales es sintetizando el ma-
terial directamente sobre el sustrato por medio de crecimiento epitaxial por haces  
moleculares (MBE, por sus siglas en inglés) o por deposición química de vapor 
(CVD, por sus siglas en inglés), pero estos métodos requieren procesos muy lentos 
y complejos difícilmente escalables. 

En esta tesis exploramos nuevos semiconductores en sistemas de baja dimen-
sionalidad tales como dispositivos de efecto campo o fotodetectores con un canal 
semiconductor compuesto por cristales bidimensionales o nanocintas (nano-
ribbons en inglés) y nanohilos (nanowires en inglés) quasi-unidimensionales. Em-
pleamos distintos métodos para sintetizar los materiales (exfoliación mecánica y 
CVD a presión ambiente) y fabricar dispositivos funcionales (transferencia deter-
minista y litografía por haz de electrones), explicados en el Capítulo 2. Usamos 
distintas técnicas experimentales para estudiar las propiedades de los materiales 
(microscopio de efecto túnel, STM por sus siglas en inglés), así como para carac-
terizar el material sintetizado (espectroscopía de fotoelectrones emitidos por rayos 
X, XPS por sus siglas en inglés) y los dispositivos fabricados (transporte electró-
nico y fotorespuesta en dispositivos de efecto campo), explicados en el Capítulo 
3. 
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Estudiamos cuatro materiales distintos: TiS3, TiO2, MoO3 y franckeita. Explo-
ramos en primer lugar sistemas unidimensionales basados en nanocintas de TiS3 y 
nanofibras de TiO2, estudiando el bandgap y la energía de ligadura del excitón del 
TiS3, así como su estabilidad térmica en transistores de efecto campo. También 
caracterizamos la fotorespuesta de fotodetectores basados en nanofibras individua-
les de TiO2 (Capítulo 4). 

También estudiamos sistemas bidimensionales basados en MoO3 ultrafino con 
dimensiones laterales de centímetros, empleados en dispositivos de efecto campo, 
fotodetectores en el ultravioleta y dispositivos autoalimentados. Por último, estu-
diamos dispositivos de efecto campo, fotodetectores en el infrarrojo y uniones p-n 
basados en franckeita, una heterostructura de van der Waals bidimensional (Capí-
tulo 5). 
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1 
INTRODUCTION 

The electronics science is based on the control of electric current with electrical 
circuits and components, such as vacuum tubes, transistors or diodes. It has be-
come a highly important field in our daily life. From computers to communica-
tions, healthcare, transport or entertainment, electronic devices play an essential 
role and are deeply embedded in many aspects of our life.  

In this chapter we make a brief review on the history of electronics, from the 
first vacuum tubes to the first solid-state devices, in order to understand the limi-
tations that they present nowadays. The work done in this thesis is focused on the 
study of new materials with the aim of the development of functional devices that 
give an efficient solution to the problems presented in this chapter.  
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1 Modern electronics and optoelectronics 

The electronics field can be considered to be born at the beginning of the twen-
tieth century, when John Ambrose Fleming invented the vacuum tube in 1904, a 
device which enables to control the electric current between two electrodes in a 
vacuum-sealed environment. The vacuum tube functioning relies on the thermi-
onic emission (or Edison effect) of electrons from a heated filament (cathode) to a 
plate (anode). These devices were employed during the first half of the twentieth 
century in many different applications, allowing the diffusion of the radio, televi-
sion, telephone, radar, sound recording/reproduction or computers. 

The vacuum tube was followed by the development of semiconductor-based 
electronic devices, which were smaller, cheaper and more efficient than the vac-
uum tubes. The first solid-state device using a semiconductor was the “cat’s whisk-
ers” detector, used in radio detection, which consisted in a whisker-shaped wire 
connected to a semiconducting crystal, but it was not until the invention of the 
transistor by John Bardeen and Walter Brattain [Bardeen, 1948], when the semi-
conductor-based devices spread their use in all kind of applications. Bardeen and 
Brattain, together with William Shockley, were jointly awarded with the Nobel 
Prize in physics in 1956: 

“for their researches on semiconductors electronics and their discov-
ery of the transistor effect” 

Giving testimony of the importance of the semiconductor-based devices in 
modern life. 

The transistor invented by Bardeen et al. consisted of three electrodes placed 
on a block of germanium with two of them placed in point contact with the crystal 
(emitter and collector) and the third one in low resistance contact on the base 
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[Bardeen, 1948], which was used as current amplifier. In Figure 1.1 we show the 
schematic diagram of such device as shown in Ref.[Bardeen, 1948].  

 

Many improvements of Bardeen’s et. al. transistor followed this first prototype 
and, in 1955, the first silicon-based transistor was developed by Morris Tanenbaum 
at Bell Labs [Tanenbaum, 1955], which is the most used material for electronics 
nowadays. Finally, the first metal-oxide-semiconductor (MOS) transistor was built 
by Kahng and Atalla, also at Bell Labs, in 1960 [Kahng, 1960] and will be dis-
cussed in Chapter 3. 

Figure 1.1 (a) Schematic of semi-conductor triode [Bardeen, 1948]. (b) Drawing of the first 
transistor geometry. (c) Picture of the first transistor (AT&T Bell laboratory archive). 
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Together with the development of semiconductor-based electronics we find the 

field of optoelectronics, which consists of the study and application of electronic 
devices to generate, detect and control light in a wide range of the electromagnetic 
spectrum (from gamma rays to the mid-infrared). Optoelectronic devices transduce 
optical to electrical and electrical to optical information via quantum interaction of 
electronic materials with light (photon absorption or emission). We can find many 
optoelectronic devices which are of great importance nowadays such as light emit-
ting diodes (LED), solid-state lasers, solar cells or photodetectors. Depending on 
the application, different semiconducting materials are employed in optoelectronic 
devices regarding their bandgap (the minimum photon energy that they can ab-
sorb). The most used semiconductors in optoelectronic devices are silicon (with a 
bandgap of 1.1 eV), germanium (with a bandgap of 0.67 eV), gallium arsenide 
(with a bandgap of 1.43 eV), indium gallium arsenide (with a bandgap of 0.75 eV) 
or cadmium selenide (with a bandgap of 1.74 eV). The bandgap of the material 
limits the region of the electromagnetic spectrum in which they can work. 

Given the importance of optoelectronics in modern life, Isamu Akasaki, Hiro-
shi Amano and Shuji Nakamura were jointly awarded with the Nobel Prize in 
2014: 

“for the invention of efficient blue light-emitting diodes which has en-
abled bright and energy-saving white light source” 

2 Modern devices limitations 

Although we have been using silicon-based electronics for the last 60 years, 
we are reaching a point where silicon and other common semiconductors will not 
be able to work in functional devices. The trend in the electronics field is to min-
iaturize the building blocks of these devices in order to fabricate more powerful 
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electronics. The semiconductor channel length of state-of-the-art transistors have 
currently dimensions of ~ 20 nm [Wang, 2012]. Scaling down the silicon-based 
devices channel length is approaching the limit where quantum effects that ham-
pers the efficient electronic transport start to become highly important, as well as 
the difficulty of heat dissipation due to the reduced size of the building blocks, 
making it really difficult to dissipate the heat produced by the electrical current 
and thus the devices overheat, resulting in electrical failure. Therefore, the scien-
tific community is looking for new materials which can overcome these issues in 
modern electronics. 

From the optoelectronic point of view the scalability problem is important, but 
also the efficiency of photon absorption. Silicon has a relatively wide and indirect 
bandgap (1.1 eV), which limits its functioning as photodetector to the very near-
infrared region of the electromagnetic spectrum (1120 nm), far away from certain 
applications like optical fiber communications. The indirect nature of silicon 
bandgap is also a drawback because it hampers the photon absorption, making it 
highly inefficient and thus requiring thick semiconducting channels in optoelec-
tronic devices. Therefore, some alternatives have been proposed to replace silicon 
in optoelectronic devices such as germanium, which can operate with light wave-
length between 1.3 µm and 1.55 µm and can be easily integrated in the silicon-
based technology [Hartmann, 2004]. Some alloys of elements in groups III and V 
are also being investigated for photodetectors in certain applications, as well as 
groups II-VI and IV-VI. Nevertheless, these materials require complex synthesis 
methods, like molecular beam epitaxy (which will be discussed in Chapter 2), that 
complicates its implementation for industrial applications. 

Therefore, the need for new materials in the electronics science is of great im-
portance nowadays, since we are approaching the limit where the basic compo-
nents of electronics will cease functioning and a new generation of semiconductors 
is required. 
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3 New generation semiconductors: low-dimensional 
materials 

Several semiconductor families have been proposed as the new wonder mate-
rial, such as the already mentioned alloys of elements in groups III and V 
[Walukiewicz, 2006], groups II-VI and IV-VI [Liu, 2013; Ramasamy, 2015], as 
well as organic semiconductors [Katz, 2000], but their application in functional 
devices is still challenging. 

A new generation of semiconducting materials is the recently discovered fam-
ily of low-dimensional materials. The discovery of graphene (an atomically thin 
layer of carbon atoms) in 2004 by Andre Geim and Konstantin Novoselov 
[Novoselov, 2004] got the scientific community excited because of the novel and 
highly interesting physics and properties present in graphene. Andre Geim and 
Konstantin Novoselov were jointly awarded with the Nobel Prize in 2010: 

“for groundbreaking experiments regarding the two-dimensional ma-
terial graphene” 

Graphene is a two-dimensional material consisting of a single layer of graphite. 
Graphite, in its bulk form, presents a layered structure: the atoms are strongly 
bonded in the ab (001) crystallographic plane, but the interaction in the c [001] 
direction is by van der Waals forces. This makes it possible to separate the layers 
contained in the ab plane by mechanical exfoliation in the c direction, eventually 
isolating a single two-dimensional layer with a thickness of ~ 3.35 Å. These mon-
olayers can also be synthetized by chemical vapor deposition or molecular beam 
epitaxy methods, as it will be discussed in Chapter 2. 
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There have been several attempts to employ graphene as the semiconducting 
channel in transistors, but graphene is a zero-bandgap material and thus it is not 
possible to use it as an efficient semiconductor. The only way in which graphene 
can work as a semiconducting channel is by opening a gap in its band structure, 
but it results in a reduction in the mobility or requires high voltages [Xia, 2010]. 
Nevertheless, graphene was one of the best options for the new generation of elec-
tronics, until the discovery of monolayer molybdenum disulfide (MoS2) [Mak, 
2010; Radisavljevic, 2011]. MoS2 is well known semiconductor in its bulk form 
with an indirect bandgap of 1.29 eV [Kasowski, 1973; Meinhold, 1976], but when 
its thickness is reduced to a single layer, the bandgap changes from indirect to 
direct and from 1.29 eV to 1.8 eV. This opens a new door to the development of 
electronic devices working with a two-dimensional material as the semiconducting 
channel in which the scalability problem is solved. The first MoS2 transistor is 
shown in Figure 1.2, obtained from Ref.[Radisavljevic, 2011]. 

Since the development of the first single-layer MoS2 transistor in 2011, other 
two-dimensional materials have been employed in similar devices such as tungsten 
disulfide (WS2), tungsten diselenide (WSe2) or molybdenum diselenide (MoSe2), 
the so-called transition metal dichalcogenides (TMDCs) [Wang, 2012]. Although 
these materials are gaining attention, they present limitations for optoelectronic 
applications due to their large bandgap (~ 2 eV). Even if a large bandgap could be 
desirable for certain applications, like UV solar-blind photodetectors or coatings, 
an smaller bandgap is needed for wider range applications. In this sense, a very 
recent material has appeared in the scene: black phosphorus (b-P) [Buscema, 2014; 
Li, 2014], a narrow bandgap material which changes from an indirect bandgap of 
0.3 eV in its bulk form to a direct bandgap of 2 eV in monolayer [Castellanos-
Gomez, 2015]. Black phosphorus presents itself as a promising  
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Figure 1.2 (a) Three-dimensional schematic view of one of the transistors. (b) Cross-sectional 
view of the structure of a monolayer MoS2 FET together with electrical connections used to char-
acterize the device. A single layer of MoS2 (thickness, 6.5 Å) is deposited on a degenerately doped 
silicon substrate with 270-nm-thick SiO2. The substrate acts a back gate. One of the gold elec-
trodes acts as drain and the other source electrode is grounded. The monolayer is separated from 
the top gate by 30 nm of ALD-grown HfO2. The top gate width for the device is 4 mm and the top 
gate length, source–gate and gate–drain spacing are each 500 nm. Ref.[Radisavljevic, 2011] 
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material for optoelectronic applications since it is able to interact with a wide range 
of the electromagnetic spectrum [Engel, 2014], but it is limited by its poor stability 
in the presence of air [Joshua, 2015]. Therefore, the challenge is still opened. 

4 This thesis 

In this thesis we will explore low-dimensional systems based on new materials 
for electronic and optoelectronic applications from different approaches. The sys-
tems studied during this work consist of either one-dimensional systems based on 
nanoribbons or nanowires or two-dimensional systems based on mechanically ex-
foliated or synthetized crystals. In Chapter 2 we will present some of the already 
existing methods to fabricate and isolate one- and two-dimensional materials, as 
well as an air pressure chemical vapor deposition method developed during this 
thesis for the synthesis of large scale ultrathin materials. In Chapter 3 we will deal 
with the experimental techniques employed during this thesis and their theoretical 
background for a deep understanding of the physical phenomena involved in the 
experiments. In Chapter 4 we will study one-dimensional systems based on tita-
nium trisulfide (TiS3) nanoribbons and titanium oxide (TiO2) nanowires, studying 
either their physical properties, such as their band structure or thermal stability, or 
their electronic transport and photoresponse. In Chapter 5 we will study two-di-
mensional systems based on molybdenum oxide (MoO3) synthetized by an ambi-
ent pressure chemical vapor deposition method and its implementation on UV so-
lar-blind photodetectors and voltage self-driven photodetectors, and franckeite, a 
naturally occurring van der Waals heterostructure with a narrow bandgap, studied 
in NIR photodetectors and solar cells. Finally, in Chapter 6 we will summarize 
the results shown in the previous chapters and explain the main conclusions ex-
tracted from this work. 
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2 
SAMPLE FABRICATION 

Research on two-dimensional materials is a relatively young field in which the 
fabrication of high-quality samples is still challenging. The methods developed up 
to date usually present some drawbacks like the difficulty to provide large scale 
materials (something that is of great importance for applications), or the need of 
complex and expensive setups, as well as time-consuming processes, that compli-
cate the development of standard techniques to make the experiments more acces-
sible to the broad scientific community. 

In the present chapter we will introduce the standard techniques commonly 
used to fabricate two-dimensional materials, as well as some alternative methods, 
developed during this thesis, that improve the fabrication and manipulation of two-
dimensional materials with the aim of simplifying the fabrication of functional 
electronic and optoelectronic devices. 
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2 1 Mechanical exfoliation and deterministic transfer 

The first method developed to 
produce two-dimensional materials 
was the so-called Scotch tape 
method [Novoselov, 2004], em-
ployed to isolate graphene monolay-
ers by mechanical exfoliation from 
bulk graphite. The method, illus-
trated in Figure 2.1, works as fol-
lows: a piece of adhesive tape (typi-
cally Scotch tape) is brought into 
contact with the bulk material, 
graphite in this case, and peeled off 
fast in such a way that several pieces 
of material with different thick-
nesses (usually called flakes) are de-
tached from the bulk material, re-
maining stuck to the tape. Another 
piece of tape is then brought into 

contact with the previous one in order to repeat the process and reduce the thick-
ness of the exfoliated material. One can repeat this process as many times as 
needed to reduce the thickness of the material even down to a monolayer. Once we 
succeeded in obtaining one or more flakes with monolayer thickness, the tape is 
then brought into contact with a substrate, typically SiO2/Si+, and peeled off 
slowly, depositing the material randomly on the surface. Even though this method 
is powerful and widely used to fabricate and transfer thin material to arbitrary sub-
strates, it is rather ineffective and uncontrollable since there is not a clear chance 
that the desire flakes will be transferred to the substrate and, even if one manages 

Figure 2.1 Schematic drawing of the scotch tape 
method: (a) and (b) a piece of scotch tape is place 
on a bulk material and peeled off fast. (c) The ex-
foliated material gets stuck to the piece of tape. (d) 
The piece of tape is stuck to a substrate and peeled 
off slowly, leaving the material on the substrate 
(e). 
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to do it, it is not possible to control the exact location in the substrate where it will 
be transferred. 

After the scotch tape method, other methods have been developed as an im-
provement to exfoliate the layered materials and to have a control on the place 
where the flakes are transferred. Within these methods, we find the wedging 
method [Schneider, 2010], in which a hydrophobic substrate with the flakes is 
spin-coated with a hydrophilic polymer. When the sample is introduced in a water 
bath, the polymer and the flakes are decoupled from the substrate due to its hydro-
philic nature. The polymer can be transferred to another substrate and removed 
with a solvent. Another method is the polyvinylalcohol (PVA) method [Dean, 
2010], in which the flakes are transferred to a polymer sacrificial layer (spin-coated 
on a substrate previously treated with a water solvable PVA polymer layer). The 
substrate is then floated on the surface of a deionized water bath and sinks to the 
bottom of the bath once the polymer has dissolved. The polymer is then dried and 
mounted in a micromanipulator setup to transfer it to an arbitrary substrate and 
dissolve it afterwards. Finally, another reported method is the Evalcite method 
[Zomer, 2011], in which a glass slide is covered with a low glass temperature pol-
ymer (Evalcite). The glass slide is mounted in a micromanipulator and the acceptor 
substrate is heated up to ~100 ºC. When the polymer touches the substrate it melts 
and adheres to the surface, enabling the transfer to the substrate. The polymer layer 
is then removed with solvents. 

As seen, most of the alternative methods to the Scotch tape method involve 
wet process steps which can compromise the stability and quality of the transferred 
material either by chemical reaction with the material itself or by leaving residues 
on the surface. To that matter, as an improvement of these methods, Castellanos-
Gomez et al. [Castellanos-Gomez, 2014] developed a method based on the use of 
polydimethylsiloxane (PDMS hereafter), a commercially available silicone-based 
viscoelastic material (Gelfilm from Gelpak), instead of the tape or the polymers 
used in the other methods. The method, called deterministic transfer by all-dry 
viscoelastic stamping, gives the possibility to choose a flake among all the exfoli-
ated material and accurately transfer it to an arbitrary substrate in the desired exact 
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2 position of the substrate, for example, between two pre-patterned metallic elec-
trodes. The method is explained in detail in the following sections. 

 

1.1 Mechanical exfoliation 

As a first step, the bulk material is exfoliated with Nitto tape (SPV 224), con-
sisting of a PVC film coated with a pressure sensitive acrylic-based adhesive with 
high adhesion, providing a clean surface to be used as source (Figure 2.2). 

The PDMS used here is a WF-X4 Gelfilm from Gelpak, which presents a pol-
yethylene coversheet that can be easily removed on one side and a metalized pol-
yester substrate strongly attached to the viscoelastic material. We cut a piece of the 
PDMS (usually called stamp), removing the polyethylene coversheet and thus 
leaving one of the sides of the PDMS uncovered. This side is putted in contact with 
the exfoliated crystal and pressed with something soft like a cotton swab, in order 
to remove the air bubbles that might remain between the stamp and the crystal.  

 

Figure 2.2 (a) Artistic representation of a bulk crystal. (b) Schematic drawing of the exfoliation 
process with Nitto tape from bulk crystal. (c) Picture of an exfoliated MoS2 crystal on a Nitto tape 
(delimited by dashed grey lines).  
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The Nitto tape is then gently re-
moved from the PDMS stamp, leav-
ing exfoliated material on it (Figure 
2.3). At this point, different ap-
proaches can be followed: the usual 
procedure consist of peeling off fast 
the PDMS stamp in contact with the 
crystals, but this can result in a really 
high density of flakes on the stamp, 
complicating the transfer process. 
On the other hand, slowly removing 
the Nitto tape will leave less mate-
rial on the stamp, making it easier to 
handle. Depending on the material 
and the size of the exfoliated crystals 
it can be better do it faster or slower. 

Once the material is transferred 
to the PDMS stamp, we study the 
exfoliated material with an optical 
microscope (Nikon Eclipse Ci) in 
transmission mode to identify the 
thinner flakes present on the surface 
of the stamp (Figure 2.4a). The PDMS stamp is transparent to visible light, mean-
ing that it is possible to estimate the thickness of the flakes by their contrast in 
transmission mode, i.e., how much light they absorb depending on the number of 
layers, resulting in a different color for each thickness (in Figure 2.4b we can see 
an optical microscopy picture in transmission mode of a MoS2 flake on a PDMS 
stamp with different number of layers). The thickness can also be determined by 
measuring the Raman spectra [Lee, 2010; Ferrari, 2013]. After an overall search 
on the stamp, we select the flake that we want to transfer to another substrate taking 
into account the thickness and the area of the flake: we usually look for mono or 
few-layers flakes with lateral dimensions of tens of micrometers. 

Figure 2.3 (a) and (b) Artistic representation of 
how the exfoliated flakes are transferred to a 
PDMS stamp: the stamp is placed on the exfoliated 
material and the Nitto tape is removed slowly af-
terwards, leaving the material on the PDMS. (c) 
MoS2 flakes transferred to a PDMS stamp. 
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Figure 2.4 (a) Optical microscopy image in transmission mode of several MoS2 flakes transferred 
to a PDMS stamp with different thickness. (b) Zoom of the region highlighted with a dashed square 
in (a) where it is shown a MoS2 flake with different thickness ranging from 1 to 4 layers. 

1.2 Deterministic transfer 

Here we will explain a modifica-
tion of the method shown in 
[Castellanos-Gomez, 2014] to deter-
ministically transfer two-dimen-
sional materials to an arbitrary sub-
strate. Once we have found the flake 
that gathers the characteristics that 
we are looking for (thickness and 
area), we place one of the edges of 
the PDMS stamp on the edge of a 
glass slide (as illustrated in Figure 
2.5) held with a piece of tape. The 
glass slide is then placed in the 
stamping setup shown in Figure 2.6, 
which presents the following ele-
ments: a XYZ micromanipulator 

(Thorlabs RB13MM) that holds the glass slide containing the stamp, a rotational 

Figure 2.5 (a) The PDMS stamp with the trans-
ferred flakes is stuck to a glass slide in such a way 
that part of the stamp is not in contact with the 
slide. (b) The glass slide is placed in the XYZ mi-
cromanipulator upside down. 
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XY stage (Thorlabs XYR1/M) which is used to place the substrate, and a zoom 
lens (Navitar 12x) with a camera attached to it (Canon EOS 1100) and connected 
to a LED screen. All of these components are placed on an optical breadboard 
(Thorlabs Nexus), simplifying the alignment of the different elements. The step-
by-step procedure goes as follows: 

1. A piece of double side tape is placed on the stage to hold the substrate. 
Subsequently, the substrate is stuck to the tape just by pressing with 
the tweezers. 

Figure 2.6 (a) Picture and (b) drawing of the setup used to perform the deterministic transfer of 
the exfoliated flakes. The main elements are indicated with arrows. 
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2 2. The glass slide with the PDMS stamp stuck to it is placed in the XYZ 
micromanipulator upside down in such a way that the flakes on the 
stamp surface face the substrate. 

3. Since the PDMS stamp is transparent, we can see through it and focus 
on the back side of the flakes with the zoom lens, all in real-time on 
the screen. Now we can look around in the PDMS to find the flake 
previously selected in the optical microscope. 

4. Once we find the desired flake in the PDMS stamp, we start to slowly 
approach the stamp to the substrate using the XYZ micromanipulator. 
If the substrate presents some pre-patterned structure, we can align the 
flake and the substrate during the approach by moving the rotational 
XY stage that holds the substrate. During the approach, one might need 
to alternatively focus on the substrate and on the PDMS stamp to ac-
curately align the pattern and the flake. In Figure 2.7 we show a se-
quence of optical microscopy images of this part of the process, look-
ing through the PDMS stamp: the one on the left shows the pre-pat-
terned Au electrodes on SiO2 and the flakes on the PDMS (out of fo-
cus), as the stamps gets closer to the surface the flakes get focused 
(Figure 2.7 in the middle).  

5. We keep approaching until the stamp gets in contact with the substrate. 
We will know that both of them are in contact because of a change in 
the color. This fact can be seen by comparing the central panel with 
the right panel in Figure 2.7. 
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Figure 2.7 Optical microscopy images of the part of the transfer process when the 
PDMS stamp is approached to the substrate (from left to right). In the pictures we see, 
through the PDMS stamp, the pre-patterned Au electrodes on a SiO2 substrate and some 
blurred shapes. These blurred shapes are the MoS2 flakes shown in Figure 2.5 as seen 
from the backside of the stamp, out of focus. When the stamp is approaching the surface, 
the flakes get more and more focused and we can align substrate and sample (picture in 
the middle). Finally, when the stamp gets in contact with the substrate, we see a change 
in the color of both the substrate and the flake (picture on the right). 

6. Now is the moment to peel off the PDMS stamp from the substrate and 
transfer the desired flake. To do so, we start separating the PDMS 
stamp by moving up the XYZ micromanipulator. This part of the pro-
cess must be done really slowly in order to take advantage of the vis-
coelastic nature of PDMS that allows the stamp to behave as an elastic 
solid at short time scales (that is the reason why when peeled off fast 
it exfoliates the material), while it slowly flows at long timescales 
[Meitl, 2006] and thus it detaches from the flake that adheres to the 
substrate. In Figure 2.8 there is a sequence of pictures that shows this 
part of the process. 

7. Finally, when the desired flake is transferred, we completely separate 
the PDMS stamp from the substrate. 
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Figure 2.8 From (1) to (9) Sequence of optical microscopy images of the part of the process while 
the PMDS stamp is slowly peeled off to transfer the flake. It is possible to recognize the part of the 
PDMS which is already peeled off from the one that is still in contact with the substrate by the dif-
ference in the color. The line that moves from one picture to the next one is the meniscus that sepa-
rates the peeled stamp from the part still in contact. Once the meniscus has passed the flake, we can 
completely remove the stamp. 
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This method can be applied to exfoliate and transfer any kind of exfoliable 
material with a yield of ~ 100%. The method is especially helpful when the sub-
strate presents pre-patterned structures, like evaporated metallic electrodes, in or-
der to fabricate electronic devices, as well as for the fabrication of van der Waals 
heterostructures by stacking flakes one on top of the other, or just the transfer of 
any layered material that requires a careful transfer like large-scale two-dimen-
sional materials. 
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2 2 Electro-beam lithography and cleanroom fabrica-
tion 

The fabrication of functional electronic devices based on two-dimensional ma-
terials requires to electrically contact the materials with metallic electrodes. Due 
to the reduced scale of the materials fabricated by mechanical exfoliation, nanome-
ter-precision equipment is needed to fabricate the metallic electrodes. One of the 
standard techniques used for this purpose is the electron-beam (e-beam hereafter) 
lithography that allows the patterning of structures in a polymeric resist with a 
precision of approximately 100 nm. This lithography is very sensitive to the ambi-
ent conditions and thus it is usually performed in a cleanroom facility, an environ-
ment with high control in the number of particles per cubic meter present in the air 
and sometimes the light wavelength (needed for photolithography).  

Depending on the complexity of the devices, the cleanroom fabrication might 
require several steps which can result into time-consuming processes. Here we are 
going to explain the process followed to electrically contact multi-layer graphene 
(MLG hereafter) flakes deposited on a SiO2 substrate by mechanical exfoliation. 
This part of the thesis was carried out in the facilities of the Van Leeuwenhoek 
Laboratory (Kavli Nanolab Delft, Delft University of Technology). 

 

2.1 Substrate preparation 

The fabrication of electronic devices is usually a complex process that may 
involve several steps, especially if the fabrication technique is based on e-beam 
lithography, which normally requires time-consuming cleanroom processes. 
Therefore, it is important to prepare substrates that optimize the fabrication and 
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reduce the time employed in this process. Here, we start from substrates consisting 
on a SiO2 layer with a thickness of 285 nm, thermally grown on a highly p-doped 
Si substrate, which is commercially available (Graphene Supermarket).  The wafer 
is first diced to pattern a matrix of markers, which permit to locate the different 
features present in the sample with the scanning electron microscope (SEM) used 
in the e-beam lithography equipment. This process is explained here in detail: 

1. We start by dicing a SiO2/Si wafer (usually 4 inches in diameter) with 
a diamond dicing saw. The wafer has been previously coated with a 
photoresist (S1815) by spin-coating in order to protect the surface dur-
ing the cutting process.  

2. Once the wafer is divided in pieces of approximately 20 mm x 20 mm, 
we proceed to remove the photoresist covering the substrate by soni-
cation in nitric acid (HNO3) during 1 minute. Then, we remove the 
substrate from the HNO3 bath and introduce it in a deionized water 
bath (this process is repeated twice) to remove the HNO3 on the sub-
strate. 

3. Now we cover the substrate with two layers of poly(methyl methacry-
late) (PMMA hereafter) with different polymeric chains length. The 
first layer is spin-coated at 4500 rpm and then baked at 140 ºC during 
10 min. The process is then repeated for the second layer. 

The reason for using two different layers of PMMA to cover the substrate is 
the sensitivity of the resist to the e-beam used for patterning. The first layer  
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2 (PMMA 495K) is more sensitive to 
the e-beam, while the second layer is 
less sensitive (PMMA 950K). In this 
case, when the resists are exposed to 
the e-beam, the profile shape of the 
upper layer is more accurate and the 
development (step 5) will be more 
effective. This is illustrated in Fig-
ure 2.9.  

4. After coating the substrate, we 
expose the PMMA to e-beam lithog-
raphy (EBPG5000+, dose 1300 
C/m2) to draw contact pads (used to 
make electrical contacts to the sam-
ple) and a matrix pattern like the one 

shown in Figure 2.10. This pattern divides the substrate in a group of 
cells, characterized by a binary code that indicates the row and column 
corresponding to the cell, resulting in a really convenient way of lo-
cating the elements presents on the substrate during the following steps 
of the process. At this part of the process, we draw a 3x3 cell of these 
patterns in order to obtain 9 substrates out of this step (we will dice 
this 3x3 cell in order to use only one substrate per sample afterwards). 

Figure 2.9 Schematic drawing of the exposure of 
the resist to the electron-beam. 
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Figure 2.10 (a) Pattern written in the PMMA with the electron-beam lithography including the pads 
to make the electrical contact, the matrix elements and the markers. (b) Zoom-in of the matrix ele-
ments that divide the substrate in cells. The green circles (and the blank space between them) indicate 
the number of row and column (row, column) in binary code (a green circle is 1 and a blank space is 
0). 

5. At this point, it is important to mention that there are two different 
types of resist: positive and negative. With the positive resist (the one 
used here), the area which is exposed to the e-beam is soluble in a 
solvent, called developer in analogy with photography development. 
On the other hand, with the negative resist the unexposed regions are 
soluble, while the exposed regions become insoluble with the devel-
oper. Here we use a positive resist, and the development is carried out 
by introducing the sample in the developer, a solution of methyl iso-
butyl ketone (MIBK) and isopropanol (IPA), MIBK:IPA (1:3), for 90 
seconds. Then, the sample is introduced in pure IPA for another 90 
seconds. Finally, the sample is dried out by N2 blowing.  

6. After removing the exposed resist (illustrated in Figure 2.11a), we 
evaporate a metallic layer by e-beam induced evaporation (Temescal) 
in high vacuum (pressure lower than 10-6 mbar). We first evaporate 5 
nm of Ti as adhesion layer and then a layer of Au between 70 nm and 
90 nm (illustrated in Figure 2.11b). 
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2 7. Finally, we perform a lift-off process to remove the resist and the cov-
ering metallic layer, leaving only the patterned electrodes. The lift-off 
process consists of introducing the sample in a bath of acetone (typi-
cally at 50 ºC) for 30 minutes. During this part, it is helpful to blow 
the sample by introducing a plastic pipette in the bath, making the ac-
etone flow in the bath and thus facilitating the removal of the resist. 
Because we used two layers of PMMA, the acetone is able to enter 
below the upper PMMA layer and remove both layers, otherwise it 
would be very difficult for the acetone to reach the lower layer, result-
ing in a bad lift-off process. 

8. The result of this process is shown in Figure 2.12, in which we can 
see the matrix pattern and the pads. We also pattern some location 
markers and an orientation marker for the next e-beam step. 

Figure 2.11 (a) Schematic drawing of the PMMA after development. A gap is open in the zone 
where the resist was exposed to the e-beam. (b) Evaporation of a metallic layer after development. 
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Figure 2.12 The pattern shown in Figure 2.10 after fabrication on a SiO2/Si substrate. 

2.2 Electrodes patterning 

Once the substrate is prepared with the Au matrix markers, we use the Scotch 
tape method to transfer MLG flakes onto the substrate. This procedure yields ran-
domly distributed flakes with different thicknesses all over the substrate, meaning 
that we need to identify the desired flakes and locate them using the pre-patterned 
matrix. To do so, we search all around the surface with an optical microscope 
(Olympus BX 51 supplemented with a Canon EOS 650D digital camera) in reflec-
tion mode, taking pictures of the desired flakes including, at least, three markers. 

Figure 2.13 (a) Optical microscopy image of a MLG flake transferred to the substrate where it is 
possible to see the surrounding matrix elements and part of the pads.  (b) Drawing of the electrodes 
pattern after placing the images of the flakes. 
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2 We use a design software (like DesignCad 3D max) with a drawing of the matrix 
to place the pictures of the flakes and design the electrodes (Figure 2.13). 

In order to fabricate the electrodes, we repeat steps from 3 to 6 in the previous 
section to spin-coat the resists, expose the sample with the e-beam (with the elec-
trodes patterns in this case) and evaporate the electrodes. Finally, we perform again 
a lift-off process to remove the resist, obtaining the device (Figure 2.14). 

The whole process to fabricate electronic devices requires many hours of 
cleanroom fabrication due to the several steps needed to successfully finish the 
fabrication. Also, this process imply a high risk that may result in a waste of re-
sources and time if any of these steps fail during the process, forcing to restart the 
process from the beginning. Therefore, it would be desirable to find easier and 
faster processes that simplify the fabrication of two-dimensional materials-based 
electronic devices. 

  

Figure 2.14 Device fabricated with the MLG flake shown in the previous figure after evaporat-
ing the electrodes. 
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3 Centimeter-scale synthesis of ultrathin materials 

The mechanical exfoliation 
technique explained above has 
paved the way to study a vast family 
of 2D materials isolated by cleavage 
of bulk layered parent crystals, such 
as graphene and molybdenum disul-
fide (MoS2) [Novoselov, 2004; 
Radisavljevic, 2011]. Although this technique has proven to be a very effective 
method to produce high quality 2D materials for fundamental research, the devel-
opment of large scale synthesis methods is a crucial step towards their application 
in electronic and optoelectronic devices. In fact, the isolation of a new 2D material 
by mechanical exfoliation is usually followed by the development of new large 
scale synthesis techniques like chemical vapor deposition (CVD) or molecular 
beam epitaxy (MBE) [Reina, 2009; Zhan, 2012]. In the CVD technique, gaseous 
reactants are deposited onto a substrate by combining gas molecules (usually using 
a carrier gas) in a reaction chamber, typically set at ambient temperature. When 
the combined gases come into contact with the substrate in the reaction chamber 
(which is heated), a material film is created on the substrate surface due to the 
reaction of the gas molecules. It is crucial to have a precise control on the temper-
ature of the substrate to create a homogeneous film with the desired thickness. 
Figure 2.15 shows a schematic diagram illustrating the process used to synthesize 
large scale MoS2 on SiO2/Si: sulfur (S) and molybdenum trioxide (MoO3) powder 
are placed in a fused quartz tube acting as precursor compounds, together with the 
SiO2 substrate. The precursors are evaporated by heating them (usually at ~ 120 
ºC), and carried to the substrate (at 750 - 1000 ºC) with a gas flow, where they 
condensate, forming the thin film. The furnace is then left to cool down. 

Figure 2.15 Schematic drawing of a typical 
chamber used to grow MoS2 monolayers by CVD. 
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2 The MBE technique is more 
complex than the CVD technique. 
Here, the growth is carried out in an 
ultra-high vacuum (pressure lower 
than 10-10 mbar) chamber by subli-
mation of the precursor compounds. 
Briefly, the precursor compounds 
are heated in Knudsen effusion cells 
until vaporization inside the MBE 
chamber (illustrated in Figure 2.16). 
The vapor then crystallizes on the 
substrate, which is kept at a certain 
temperature, forming epitaxial films 
through the interaction between the 
thermally active atomic or molecular 
beams of the precursors and the sub-

strate. Different techniques, such as reflection high energy electron diffraction 
(RHEED), can be used to monitor the growth process. 

Although these techniques are commonly used to synthetize large scale ul-
trathin films of different materials, their use for applications is constrained since 
they require a high control on the growth conditions like the atmosphere or the 
precursors/substrate temperatures. They also present other drawbacks like long 
time process, complex setups (making them difficult to scale up), high tempera-
tures, or the availability for only some materials and substrates. 

In the present section we will describe a simple and fast atmospheric pressure 
synthesis technique to produce large scale and ultrathin materials that doesn’t re-
quire complex setups, high temperatures or controlled atmospheres, based on a van 
der Waals epitaxy growth method, which is easily scalable and permits to transfer 
the synthesized materials to arbitrary substrates. 

Figure 2.16 Schematic drawing of a typical 
chamber used to grow 2D materials by MBE. 
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3.1 Van der Waals epitaxy growth of 2D materials 

As it was explained above, the synthesis of a layered material always takes 
place on a target substrate that provides a surface where the growth can occur. 
There are many features of the surface that should be taken into account when 
choosing the target substrate, for example, if there is a lattice matching between 
the substrate surface and the grown material. The dangling bonds on the surface of 
a substrate can be connected only to the atoms of well-lattice-matched materials, 
since the length and the angle of the covalent bonds cannot be changed easily 
[Koma, 1992]. However, when the growth takes place with a van der Waals inter-
action (the so called van der Waals epitaxy growth), the lattice matching condition 
is drastically relaxed [Koma, 1984]. This is the case when a layered material grows 
on another layer material, since the in-plane interaction is stronger that the out-of-
plane interaction. Thus, by using a mechanically exfoliated material as substrate, 
a dangling bond-free and inert surface, the vapor atoms or molecules reaching the 
substrate are able to diffuse and interact only with each other and not with the 
substrate, forming extended layers that propagate all over the terraces of the sub-
strate [Li, 2012; Utama, 2012a; Utama, 2012b; Wang, 2014; Wang, 2015a]. An-
other interesting aspect of the van der Waals epitaxy growth is that the weak inter-
action between the grown material and the substrate permits to easily decouple the 
material from the substrate, opening the possibility to transfer the material to an-
other arbitrary substrate.  

 

3.2 Synthesis method 

 The CVD and MBE techniques used to synthesize two-dimensional materials 
require complex setups that complicate the fabrication of the materials. As an al-
ternative faster and cheaper method we have developed an atmospheric pressure 
CVD method that takes advantage of the van der Waals epitaxy growth to easily 
synthesize large scale ultrathin materials. The method has been used to synthesize 
nanometer-thin centimeter scale MoO3 crystals in air using a modified hot plate 
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2 method [Yu, 2005; Yan, 2009], based on just placing a molybdenum foil together 
with a target substrate on a hot plate. The method is illustrated in Figure 2.17: a 
single piece of molybdenum foil (99.95% purity) is placed on a pre-heated hot 
plate (Thermo Scientific) at 540 ºC. Directly after placing the molybdenum foil on 
the hot plate, the target substrate used for growing the crystals is placed on top, in 
contact with the molybdenum foil on the hot plate, and the system is kept in this 
configuration for 10-60 minutes (depending on the desired thickness of the film). 
During this time, the molybdenum foil surface oxidizes creating a thin layer of 
MoO3. At 540 ºC the molybdenum oxide sublimates, resulting in the deposition of 
MoO3 on the surface of the target substrate that is at a slightly lower temperature 
than the molybdenum foil. Then the substrate is removed from the molybdenum 
foil and quenched at room temperature. This procedure can also be performed by 
heating a bulk MoS2 flake instead of the molybdenum foil. 

Figure 2.17 Schematic drawing of the method used for growing MoO3 in air. A piece of molyb-
denum foil is placed on a pre-heated hot plate at 540 oC with a receiving substrate on top. The 
system is kept in this configuration for some time while the molybdenum surface oxidizes and 
deposits material on the substrate. The substrate is then removed and quenched at room tempera-
ture. 
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In the last few years there have been attempts to control the orientation of MoO3 
crystals during growth by changing the target growth substrate with relatively low 
success [Yu, 2005]. Here we have used mechanically exfoliated muscovite mica 
(referred to as mica hereafter) with an exposed (001) surface as the target substrate 
to fabricate highly oriented and extended MoO3 layers. Figure 2.18 shows artistic 
representations of MoO3 crystals grown on mica and SiO2 (Figure 2.18a and b, 
respectively), as well as corresponding optical microscopy images of MoO3 crys-
tals grown on mica and SiO2 (Figure 2.18a and b, respectively). 

When the target substrate is SiO2 (a highly-corrugated substrate with an abun-
dance of dangling-bonds) thick and randomly oriented hexagonal MoO3 crystals  

Figure 2.18 Artistic representation of MoO3 crystals grown on (a) mica and (b) SiO2. Optical 
microscope images of MoO3 crystals grown on (c) mica and (d) SiO2. MoO3 crystal dimensions 
(area and thickness) and ordering depend on the substrate used for growing the material via the 
modified hot plate method (Figure 2.17). 
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Figure 2.19 Optical microscopy images of MoO3 grown on (a) SrTiO2 and (b) mica using the 
method illustrated in Figure 2.17. (c) and (d) show optical microscopy images of MoO3 grown on 
SrTiO2 and mica, respectively, corresponding to the areas highlighted by red squares in (a) and 
(b). As indicated by the arrows, the growth directions of the crystals depend on the crystallo-
graphic structure of the target substrate: 90º for SrTiO2 and 60º for mica. 

are grown [Yan, 2009; Kalantar-zadeh, 2010]. On the other hand, when the target 
substrate is mica, we obtain nanometer-thin α-MoO3 in elongated crystals with 
hexagonal shape in the ab plane, aligned parallel to the substrate surface and along 
a well-defined direction matching the symmetry of the mica surface. In fact, the 
cleaved (001) mica surface provides a dangling-bond-free and thus chemically in-
ert surface that enables epitaxial growth by van der Waals epitaxy. The weak van 
der Waals interaction with the MoO3 reaching the surface during growth facilitates 
the diffusion of the MoO3 gas on the surface, forming extended layers and hexag-
onal crystals of α-MoO3 parallel to the mica basal plane since the in-plane interac-
tion (chemical bonds) is stronger that the out-of-plane interaction (van der Waals). 
On the other hand, when there are defects like dangling bonds or corrugation in the 
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target surface (like in SiO2), the interaction between the MoO3 and the surface may 
be strong enough to stop the diffusion of the MoO3 over the surface and thus the 
growth can take place in any direction and morphology determined by the lattice-
matching [Wang, 2015b]. By passivating the dangling bonds at the surface of other 
materials, MoO3 can be also grown onto 3D materials by van der Waals epitaxy. 
For example, we also observed the growth of MoO3 on the TiO2 terminated surface 
of (001) SrTiO3 (STO) substrates, this results in elongated hexagonal structures 
oriented along the [100] and [010] axis of STO (Figure 2.19). We also demonstrate 
that the MoO3 can be grown on exfoliated mica flakes deposited on a SiO2 substrate 
prior the growth process (Figure 2.20). 

By this process we are able to synthetize MoO3 layers on the scale of tens of 
millimeters in lateral dimensions, finding regions of hundreds of micrometers with 
homogenous thicknesses (from ~1 nm to ~4 nm). Thicker hexagonal crystals (tens 
of nanometers) with a surface of ~10 µm x 10 µm can also be found distributed on 
the extended thin layer. The MoO3 extended layers can easily be grown on a larger 
scale (more than centimeters) by simply using a larger piece of molybdenum foil 
and mica substrate. 

Figure 2.20 MoO3 grown on an exfoliated mica flake deposited on a SiO2 substrate for different 
growth times. (a) Mica flake deposited on a SiO2 substrate. (b) MoO3 grown on the mica flake 
after 5 min of growth. (c) MoO3 grown on the mica flake after 10 min of growth. 
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2 Once the growth is finished, i.e., the MoO3 crystals have covered most of the 
substrate, it is possible to easily separate the as-grown MoO3 from the mica sub-
strate by using a procedure which will be explained in the next section, taking 
advantage of the hydrophilic nature of mica and the weak van der Waals interaction 
between MoO3 and mica. 

3.3 Transfer method 

Once we have synthesized centimeter-scale and ultrathin MoO3 crystals on 
mica (as explained in the previous section), it is possible to easily separate the as-

Figure 2.21 Schematic drawing of the method used to transfer the as-growth MoO3 crystals from 
mica to another substrate. A PDMS stamp is placed on the MoO3/mica sample. The whole set 
(PDMS/MoO3/mica) is then introduced in a Mili-Q water bath and the stamp is slightly peeled off. 
As the water enters in between the PDMS stamp and the mica substrate, the mica immediately sepa-
rates from the PDMS stamp and the MoO3 deposited material due to its hydrophilic behaviour, leav-
ing all the MoO3 material attached to the PDMS stamp. After blow drying with N2, the MoO3/PDMS 
is ready to be transferred to the desired substrate. 
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grown MoO3 from the mica substrate using the following procedure (illustrated in 
Figure 2.21): a viscoelastic polydimethylsiloxane (PDMS) stamp (Gelfilm® from 
Gelpak) is placed on the substrate in contact with the MoO3. Subsequently, the 
whole stack (PDMS/MoO3/mica) is placed into a mili-Q water bath by gently peel-
ing off the edge of the PMDS in order to permit the water to enter between the 
PDMS and the mica. Due to the hydrophilic nature of mica, the water immediately 
penetrates between the MoO3 and the mica substrate, completely separating the 
PDMS from the mica substrate. 

Figure 2.22 Photographs of MoO3 extended layer (grown thick on purpose for the pictures) on 
a PDMS stamp after being detached from the mica substrate by the method illustrated in Figure 
2.21. As shown in the pictures, MoO3 can be stretched together with the substrate, and therefore 
is a suitable material for flexible and transparent electronics. 

Figure 2.23 (a) Optical microscopy image of the as-grown MoO3 crystals on a mica substrate. 
(b) The same MoO3 crystals as in (a) after been detached from the mica substrate with a PDMS 
stamp. 
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2 By this process, the MoO3 remains adhered to the PDMS that floats at the air/water 
interface), while the mica substrate falls down (sinks) to the bottom of the water 
bath (see Figure 2.22 and Figure 2.23 for photographs and optical microscopy 
images of MoO3 on mica and on PDMS. It is then possible to transfer the MoO3 
from the PDMS surface to a selected substrate using the previously explained 
method of deterministic transfer of 2D materials [Castellanos-Gomez, 2014]. In 
Figure 2.24 we show MoO3 crystals grown on mica (Figure 2.24a) and then trans-
ferred to a SiO2 substrate (Figure 2.24b). Because mica is a transparent material, 

Figure 2.24 (a) Optical microscope image of MoO3 crystals grown on a mica substrate. (b) 
Optical microscope image of the same MoO3 crystals shown in (a) after been transferred to a SiO2 
substrate. (c) Optical microscope image of an extended MoO3 single-crystal transferred to a SiO2 
substrate. (d) AFM topographic image of the area highlighted by a black square in (c). The ex-
tended layer thickness is 4 nm (~ 5 MoO3 layers), while the hexagonal crystals thickness is 6 nm 
(~ 8 MoO3 layers). 
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it is very difficult to optically identify the thin material that has grown on its sur-
face, and only the thicker crystals are visible. Once the MoO3 is transferred to an-
other substrate which gives higher contrast due to multiple internal reflections, 
such as SiO2 [Blake, 2007; Castellanos-Gomez, 2010], we find that large-scale na-
nometer-thin MoO3 layers are grown on the mica terraces (Figure 2.24c). Atomic 
force microscope (AFM) characterization of these large-scale layers (Figure 
2.24d) reveals a thickness ranging from 1.4 nm to 4 nm for different samples. Fig-
ure 2.25 and Figure 2.26 show optical microscope images of MoO3 transferred to 
other substrates. 

 

Figure 2.25 Optical microscopy images of MoO3 crystals transferred (after growth on mica) to (a) 
an evaporated thin film of Pt on SiO2, (b) an evaporated thin film of Au on SiO2, (c) a quartz substrate 
and (d) a Si3N4 substrate. 
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Figure 2.26 (a) and (b) Photographs of MoO3 (grown thick on purpose for the pictures) trans-
ferred to a rounded and transparent glass substrate. (c) and (d) show optical microscopy images 
of the photographs in (a) and (b). 

3.4 Large-scale devices fabrication 

In order to explore the potential applications of the grown MoO3 crystals for 
large-area devices we fabricate and study field-effect devices based on extended 
MoO3 layers transferred onto a 285 nm thick SiO2 substrate (like the ones used in 
previous sections). 110 x 110 µm2 Ti/Au electrodes are evaporated on the MoO3 
using a shadow mask in order to fabricate the devices (Figure 2.27). The shadow  
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Figure 2.27 Optical microscopy images of the fabricated MoO3-based devices. The Ti/Au elec-
trodes (5 nm/ 70 nm thick) are evaporated via shadow mask on the extended layer of MoO3 trans-
ferred to a SiO2 substrate. 

mask results in cleaner devices which have not been exposed to lithography resists. 
The electrodes are separated by 10 µm from each other, yielding large area (110 x 
10 µm2) MoO3-based devices. Note that the area of our MoO3-based devices is up 
to 2000 times larger than the area of previously reported MoO3 devices 
[Balendhran, 2013; Xiang, 2014]. Figure 2.28 shows both optical microscope and 
AFM topographic images of one of these devices in which the area between the 
two electrodes is completely covered by a very thin layer of MoO3 (~1.4 nm - 6 
nm). The optoelectronic characteristics of these devices will be studied in Chapter 
5. 
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Figure 2.28 MoO3-based field-effect device fabricated by evaporating Ti/Au electrodes via a 
shadow mask on an extended layer of MoO3 grown on mica and transferred to a SiO2/Si(p+) sub-
strate. (a) Optical microscope and (b) AFM topographic images of one of the devices. 
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4 Conclusions 

In the present chapter, we have explained several techniques that can be used 
to fabricate two-dimensional materials. The scotch tape method is an easy and fast 
way to produce two-dimensional materials by mechanical exfoliation from bulk 
and direct transfer to a substrate. The drawbacks of this method (especially the lack 
of control on the location where the material is transferred) have triggered the de-
velopment of new methods to deterministically transfer the materials in the desired 
place of the substrate.  

Instead of exfoliating the material from bulk, it is also possible to synthetize 
the two-dimensional materials on the desired substrate. Here we have listed some 
already existing techniques to fabricate the materials as well as a new technique 
that allows to synthesize ultrathin materials at atmospheric pressure and at a rela-
tively low temperature, reducing its cost and fabrication time, providing an easily 
scalable method to produce centimeter-scale two-dimensional materials. We have 
also explained different methods to transfer the materials to arbitrary substrates, 
highlighting the deterministic transfer method that allows to transfer any kind of 
exfoliable material to arbitrary substrates. An especial case is the one where we 
demonstrate how to decouple the synthesized centimeter-scale materials from the 
growth substrate in order to effectively transfer them to other arbitrary substrates. 

One of the main applications of two-dimensional materials is the fabrication 
of functional devices based on them. Here we have explained two methods to fab-
ricate such devices involving cleanroom fabrication (by e-beam lithography) and 
by shadow mask evaporation. We have employed the deterministic transfer 
method, in combination with these fabrication techniques, to fabricate electronic 
devices from both the exfoliated and the synthetized materials in a really easy and 
fast way, allowing the fabrication of functional devices in a short time. 
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3 
EXPERIMENTAL TECHNIQUES 

In this chapter we will briefly go through the theoretical background of the 
main techniques used during this thesis and we will go deeper in their technical 
aspects. Although these techniques are commonly used and standardized, some-
times it is necessary to modify or adapt the standard techniques to fulfill the exact 
experimental requirements. 

The experimental techniques employed during this thesis cover scanning tun-
neling microscopy and spectroscopy (where we will explain the development of a 
long-range scanning tunneling microscope), X-ray photoelectron spectroscopy 
with special emphasis in the ALBA synchrotron light source Circe beamline and 
electronic and optoelectronic characterization of field-effect devices by probe sta-
tion measurements. 
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3 
1 Scanning tunneling microscopy 

The scanning tunneling microscope (STM) is a powerful tool to study the elec-
tronic and topographic structure of conducting surfaces. It was developed in 1982 
by Binnig et. al. [Binnig, 1982] to study the (110) surfaces of CaIrSn4 and Au. The 
working principle of the STM is based on the quantum tunneling effect, which 
applied to STM is based on the study of a tunneling current that flows from a con-
ducting substrate (sample) to a sharp metallic wire (tip hereafter) placed at a dis-
tance ranging from a few angstroms up to 1 or 2 nanometers (depending on the 
tunneling barrier). Variations in the tunneling current can be used to study, among 
other things, the topographic and electronic features of the sample by moving the 
tip over the surface (topography) or by sweeping the bias voltage (VBIAS) applied 
between the tip and the sample, i.e., performing scanning tunneling spectroscopy 
(STS). When a bias voltage is applied between the tip and the sample, the electrons 
are able to tunnel from one to the other depending on the voltage sign. The poten-
tial gradient created by the bias voltage forces the electrons in the occupied states 
of the tip to tunnel to the unoccupied states of the sample for a positive bias voltage 
and in the opposite way when the bias voltage is negative. Taking this into account, 
it is possible to determine the local density of states in the sample by measuring 
the tunneling current and its derivative while sweeping the bias voltage. 

 

1.1 Theoretical background 

The STM works based on the quantum electronic transport via tunneling effect. 
Before we get into the experimental details of this phenomena, we will first give a 
brief introduction to the theoretical treatment of electron tunneling in one dimen-
sion and the relation with STM. 
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 Let us consider a potential en-
ergy barrier (V0) and an electron 
with a lower energy than the barrier 
(E). Classical physics predicts a 0% 
possibility for the electron to go 
through the barrier. However, quan-
tum physics disagrees with this pre-
diction by taking into account the 
wave-particle dualism, telling us 
that, in fact, there is a small proba-
bility for the electron to go through 
the barrier. This phenomena is the so-called tunneling effect. The probability of the 
electron to pass through the barrier is given by the transmission coefficient (T) and 
it can be calculated by dividing the situation in regions I, II and III (Figure 3.1). 
For that purpose, we will use the time-independent Schrödinger equation: 

−
ℏ2

2𝑚𝑚
𝑑𝑑2𝛹𝛹(𝑥𝑥)
𝑑𝑑𝑥𝑥2

+ 𝑉𝑉(𝑥𝑥) = 𝐸𝐸𝛹𝛹(𝑥𝑥) 

with  𝑉𝑉(𝑥𝑥) = �𝑉𝑉0     0 ≤ 𝑥𝑥 ≤ 𝑑𝑑
0    𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

 

Equation 3.1 

Where ℏ is Planck’s constant divided by 2π, m is the mass of the electron and 
d is the barrier width. Now, we propose the following Ansatz for the corresponding 
wave functions (l = I, II, III) on each region [Wiesendanger, 1994]: 

𝛹𝛹𝑙𝑙 = 𝑎𝑎𝑙𝑙𝑒𝑒𝑖𝑖𝑘𝑘𝑙𝑙𝑥𝑥 + 𝑏𝑏𝑙𝑙𝑒𝑒−𝑖𝑖𝑘𝑘𝑙𝑙𝑥𝑥 

Equation 3.2 

Where k1 = k3 = √2𝑚𝑚𝐸𝐸/ℏ and k2 = �2𝑚𝑚(𝑉𝑉0 − 𝐸𝐸)/ℏ. 

Figure 3.1 Electron going through a one dimen-
sional potential barrier. The problem is divided in 
three regions: before the barrier, inside the barrier 
and after the barrier. 
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The transmission is defined as: T = jt/ji, where jt is the transmitted current den-
sity and ji is the incident current density, which are given by: 

𝑗𝑗𝑡𝑡 =
−𝑒𝑒ℏ
2𝑚𝑚 �𝛹𝛹𝐼𝐼𝐼𝐼𝐼𝐼∗ (𝑥𝑥)

𝑑𝑑𝛹𝛹𝐼𝐼𝐼𝐼𝐼𝐼(𝑥𝑥)
𝑑𝑑𝑥𝑥

− 𝛹𝛹𝐼𝐼𝐼𝐼𝐼𝐼(𝑥𝑥)
𝑑𝑑𝛹𝛹𝐼𝐼𝐼𝐼𝐼𝐼∗ (𝑥𝑥)
𝑑𝑑𝑥𝑥 � =  

ℏ𝑘𝑘
𝑚𝑚

|𝐷𝐷|2 

𝑗𝑗𝑖𝑖 =
ℏ𝑘𝑘
𝑚𝑚

 

Equation 3.3 

and, therefore, T = jt/ji = |D|2. By matching the Ψl and their first derivatives 
dΨl/dx, at the discontinuities boundaries of the potential V(x) at x = 0 and x = d to 
construct the overall wave function, the coefficient D and therefore T can be de-
rived: 

𝑇𝑇 =  
1

1 + (𝑘𝑘12 + 𝑘𝑘22)2/(4𝑘𝑘12𝑘𝑘22)𝑒𝑒𝑒𝑒𝑠𝑠ℎ2(𝑘𝑘2𝑑𝑑)
 

Equation 3.4 

If we now consider the limit of strongly attenuating barrier (k2d >> 1), we ob-
tain: 

𝑇𝑇 ≈
16𝑘𝑘12𝑘𝑘22

(𝑘𝑘12 + 𝑘𝑘22)2
𝑒𝑒−2𝑘𝑘2𝑑𝑑 

Equation 3.5 

The dominant contribution to the transmission comes from the exponential fac-
tor that depends on the width of the barrier and the square root of the effective 
barrier height. In this way, a small change in the width will translate into a big 
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change in the current. For example, if we assume a barrier width of d = 5 Å and an 
effective barrier of 4 eV, the transmission is T ~ 10-5. If we now change the barrier 
width by 1 Å, the transmission changes one order of magnitude. This fact led to 
Binnig et. al. [Binnig, 1982] to use the tunneling transmission to accurately meas-
ure changes in the distance between the tip and the sample in an STM. 

If we now move from the one-dimensional problem to the three-dimensional 
case, everything becomes more complicated. Bardeen’s transfer Hamiltonian ap-
proach, based on a perturbative treatment of tunneling, provides an appropriate 
insight into the physics of the tunneling process and thus a good explanation of 
tunneling between tip and sample in an STM [Wiesendanger, 1994]. Within Bar-
deen’s formalism, the tunneling current (I) can be evaluated in first-order time-
dependent perturbation theory according to Bardeen [Bardeen, 1961]: 

𝐼𝐼 =
2𝜋𝜋𝑒𝑒
ℏ

× 

× ��𝑓𝑓�𝐸𝐸𝜇𝜇�[1 − 𝑓𝑓(𝐸𝐸𝜈𝜈 + 𝑒𝑒𝑒𝑒)]− 𝑓𝑓(𝐸𝐸𝜈𝜈 + 𝑒𝑒𝑒𝑒)[1 − 𝑓𝑓(𝐸𝐸𝜈𝜈)]��𝑀𝑀𝜇𝜇𝜈𝜈�
2𝛿𝛿�𝐸𝐸𝜈𝜈 − 𝐸𝐸𝜇𝜇�

𝜇𝜇,𝜈𝜈

 

Equation 3.6 

Where f(E) is the Fermi function, U is the applied sample bias voltage, Mµν is 
the tunneling matrix element between the unperturbed electronic states of the tip 
and the sample and Eµ, Eν are the energies of the states in the absence of tunneling. 
The delta function describes the conservation of the energy for the case of elastic 
tunneling. The main problem here is the calculation of the tunneling matrix, but a 
first approximation using a model in which the tip has a locally spherical sym-
metry, s-type wave function, low temperature and small applied bias voltage 
[Tersoff, 1983; 1985], yields (after some derivation) a behavior of the tunneling 
current as: 
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𝐼𝐼 ∝ exp (−2𝑘𝑘2𝑑𝑑) 

Equation 3.7 

This interpretation gives an explanation for the exponential decay of the low 
bias conductance. The dependence with the barrier width and height (which de-
pend on the materials used as tip and sample) is very strong, as it happens in the 
tunneling in one dimension. Then, the tunneling current presents itself as a great 
magnitude to accurately measure position variations of the order of angstroms.  

 

1.2 Topographic imaging and tunneling spectroscopy 

The STM permits to locally study the surface of conducting or semiconducting 
substrates. Two of the main purposes of the STM are the study of the topography 
of the sample by displacing the tip over the surface while measuring the tunneling 
current and to study the surface properties by energy spectroscopy. The electronics 
of an STM will be explained in the Appendix A, but it is important to mention 
here that the control of the distance between tip and sample is performed with a 
PID (proportional-integral-derivative) controller, a control loop feedback that con-
tinuously calculates an error value as the difference between a desired setpoint and 
a measured process value, trying to minimize the error over time. By controlling 
three parameters (related to a linear combination of the proportional, integral and 
derivative output signal of the error) is it possible to control the response of the 
STM to the surface topography.  

1.2.1 Topographic imaging 

Imaging the topography of a surface with an STM can be done in two different 
modes: constant current mode and constant height mode. In the constant current  
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mode, the tip is set to a defined tunneling current (approximately at 1 nA, corre-
sponding to a tip-sample distance of ~ 1 nm) which is kept constant while displac-
ing the tip over the sample. In this way, the distance between the tip and the sample 
is changed in order to maintain this tunneling current and the variations in this 
distance provide a measurement of the surface roughness: if we need to move the 
tip 5 Å away from the sample to keep the tunneling current constant it means that 
there is an elevation of 5 Å in the topography of the sample. On the other hand, if 
we need to move the tip 5 Å towards the sample it means that there is a deep of 5 
Å in the topography of the sample. In this way, we can displace the tip over the 
sample, measuring this variations in order to obtain a topographic image of the 
surface. Since the tunneling current is so sensitive to changes in the tip-sample 
distance, we can obtain atomic resolution of the topography of the surface. This is 
illustrated in Figure 3.2a.  

Figure 3.2 (a) Drawing of an STM tip scanning a surface in constant current mode. The tip 
follows the topography to keep the tunneling current constant. (b) Drawing of an STM tip 
scanning a surface in constant height mode. The tip moves over the surfaces recording the 
variations in the tunneling current due to the surface topography. 
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The constant height mode works in the opposite way than the constant current 
mode. Now the tip is kept at a fixed distance from the sample and we displace the 
tip over the surface measuring the variations in the tunneling current. Again, this 
variations are so sensitive to the distance between tip and sample that we can image 
the topography of the surface. This is illustrated in Figure 3.2b. 

Both modes have their advantages and disadvantages, although the constant 
current mode is the most used one due to “safety” reasons. When the tunneling 
current is kept constant, the tip moves accordingly to the surface roughness, mean-
ing that it usually doesn’t get in contact with the sample. If, on the other hand, the 
distance between the tip and the sample is constant, a sudden change in the topog-
raphy can be translated into a mechanical contact between tip and sample, and that 
usually causes a modification of the surface topography. Figure 3.3 shows topo-
graphic images of the surface of Au (111) acquired in constant current mode with 
a tunneling current setpoint of 1 nA and applied bias voltage of 100 mV in ambient 
conditions (room temperature and air atmosphere). Here we can see different fea-
tures like step-edges of Au terraces and the Au (111) reconstruction. 

Figure 3.3 (a) STM topographic image of the Au (111) reconstruction acquired in constant cur-
rent mode. (b) STM topographic image of the same area as in (a) acquired with higher resolution. 
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1.2.2 Scanning tunneling spectroscopy 

In addition to the tip-sample distance and barrier height dependence, there is 
also an applied bias voltage dependence. The behavior of the tunneling current as 
a function of the bias voltage is approximately linear in the low bias regime (mil-
livolts), but for higher bias voltages (volts), and especially for semiconducting 
samples, the tunneling current deviates from the ohmic behavior. Studying this 
bias dependence allows the extraction of different spectroscopic features of the 
sample with high spatial resolution. 

In order to study the tunneling spectroscopy of a sample, we consider a sim-
plified one-dimensional potential energy diagram at zero temperature (illustrated 
in Figure 3.4). When the applied bias voltage is zero, the Fermi energies of both 
the tip and the sample are equal at equilibrium (Figure 3.4a) but, when a voltage 
(V0) is applied between the tip and the sample, there is a shift of the energy levels 
upwards or downwards in energy of magnitude |eV0| (Figure 3.4b), where e is the 
elementary charge. For a positive applied bias voltage, the tunneling current ap-
pears from electrons that tunnel from the occupied states in the tip to the unoccu-
pied states in the sample (Figure 3.4c). On the other hand, when the applied bias 
voltage is negative, the electrons from the occupied states of the sample tunnel to 
the unoccupied states in the tip (Figure 3.4d). Therefore, by sweeping the applied 
bias voltage between the tip and the sample, we are probing the energy states of 
the system. This is especially interesting for probing the energy states in semicon-
ducting samples, since from the current-voltage characteristics it is possible to di-
rectly determine the energy gap existing between the valence band and the con-
duction band, and even determine the valence and conduction bands energies with 
respect to the Fermi level. When a metallic sample is studied, the measured cur-
rent-voltage characteristics show high differential conductance at zero bias, but 
when a semiconducting sample is measured, the current-voltage characteristics 
show a wide region with zero differential conductance between two well defined 
bias voltage values, corresponding to the valence and conduction bands energies 
[Feenstra, 1994]. This is illustrated in Figure 3.5. 



 

-Chapter 3: Experimental techniques- 

  

72 

 

3 

Figure 3.4 One-dimensional energy diagram of an STM system. (a) When the tip is far from the 
sample. (b) When the tip and the sample are in equilibrium. (c) When a positive bias voltage is 
applied on the sample. (d) When a negative bias voltage is applied on the sample. 



 

-1 Scanning tunneling microscopy- 

73 

 

3 
 

 

1.3 Development of an STM 

1.3.1 Fine motion: piezotube  

Probing or mapping a surface by means of tunneling current variations, i.e., 
with STM, requires to accurately displace the tip over the surface with angstrom 
resolution in order to measure variations in the tunneling current at the atomic 
scale. In a typical STM, the tip is moved in the three dimensions (x, y and z) by 
attaching it to one of the extremes of a piezotube: a cylinder made out of a piezo-
electric material (PZT) with electrodes that divide the tube in four sectors. The 
piezoelectric materials have the capability of deforming itself as a response to an 
electric field and, depending on the polarity, the piezotube can be elongated or 
compressed by an applied voltage. A schematic drawing of a piezotube is shown  

Figure 3.5 Schematic drawing of the tunneling spectroscopy of both a metallic sample and a 
semiconducting sample. The metallic sample presents high differential conductance at zero bias, 
while the semiconducting sample presents a wide region with zero differential conductance be-
tween the valence and conduction bands energies. 
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in Figure 3.6: there are five metallic 
electrodes patterned on the tube (four 
separated electrodes in the outer face 
of the tube and another one covering 
the inner face), in such a way that we 
can apply five different voltages to 
the tube at the same time. The elec-
trodes in the outer face are used to 
move the tip in the XY plane by 
bending the piezotube (applying the 
same voltage with opposite sign to 
opposite electrodes), while the inner 
electrode is used to move the tip in 
the z direction by elongating the tube 
(applying a voltage in the inner elec-
trode).  

The piezotube permits to pre-
cisely move the tip over the surface 
with atomic resolution, but this high 

resolution presents the drawback of reducing the scan range of the microscope, i.e., 
it is not possible to have angstrom resolution and a scan range of hundreds of mi-
crons by using the same piezotube. This may not be a problem if our studies are 
constrained to local features of the substrate at the atomic scale, but it becomes a 
real problem if we are studying micron-size nanostructures like, for example, me-
chanically exfoliated flakes of some layered material deposited on a conducting 
substrate. It would be desirable then to have an STM working with a piezotube and 
thus having atomic resolution in which it is also possible to macroscopically move 
the sample, having the possibility of locally studying the surface in another area of 
the sample. For this purpose, a long-range stage can be incorporated in the STM. 

Figure 3.6 (a) Artistic representation of a piezo-
tube (grey) with the metallic electrodes (yellow). 
(b) Bending of a piezotube by applying voltages 
on the electrodes. 
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1.3.2 Course motion: positioning stages 

In this section we will explain the design of the homemade STM head devel-
oped during this thesis [Molina-Mendoza, 2014]. The STM head consists of two 
separate parts, each one containing a linear positioning stage. The lower part 
houses the x-axis positioner and the upper part the y-axis positioner. Each of these 
linear positioners consists of four multilayer shear piezostacks actuators (PI Pie-
zotechnology) placed in a V-shaped channel constraining the motion of a slider to 
one dimension (Figure 3.7a). These linear positioners are similar to the design 
reported by Pan et al. [Pan, 1999] with the important difference that instead of 
having piezostacks on all three sides, the slider is held into position by a spring, 
leaving one of its lateral surfaces free. These free surfaces are used to attach a 
piezotube scanner, holding the tip, to the y-axis positioner (upper part) and a sam-
ple-holder to the x-axis positioner (lower part) (Figure 3.7b).  

Coarse approach in the vertical direction (z-axis) is achieved using three mi-
crometer screws placed in the upper part. Two of them are used for the initial tip-
sample coarse positioning and the third one is powered by a piezoelectric ultra-
sonic motor (squiggle piezo motor, New scale technology), enabling automated 
tip-sample approach to operating conditions. In Figure 3.7c and d we show artistic 
drawings of the assembled microscope and a representation of the vertical motion. 
In Figure 3.8a and b we show photographs of the upper and lower part of the 
microscope, respectively, as well as the assembled microscope (Figure 3.8c). 
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Figure 3.7 (a) Artistic representations of the slider and the V-shaped channel where the slider is 
placed. The four piezostacks hold the slider and are used to move it along the channel. (b) Upper 
and lower parts of the STM head with all the components. The upper part lies on the lower one 
standing with the three screws. (c) Artistic representation of the assembled STM head. (d) Course 
motion representation of the assembled STM head. The yellow arrows indicate the direction in 
which the different parts can move. 
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Figure 3.8 Photographs of the STM head. (a) Upper part. (b) Lower part. (c) Assembled STM 
head. 

The x-axis and y-axis positioners can operate either in a purely inertial mode, 
in which the same ramp is applied to all 4 stacks or in a mixed inertial-step fashion 
in which the ramp is slightly delayed at each piezostack using resistors (Figure 
3.9). Step sizes range from a few nanometers to 300 nm. The total displacement 
range is up to 5 mm. 
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The displacement of the x and y 
sliders is obtained by measuring the 
capacitance of two overlapping 
metal plates, one of which is at-
tached to the slider and the other one 
to the body of the microscope. Using 
a capacitance bridge (Andeen 
Hagerling 2500A) it is possible to 
determine the absolute position of 
the slider within 1 µm in the whole 
range of motion (5 mm). Figure 
3.10a shows a drawing of a section 
of the lower part to indicate the po-
sitioning capacitor, as well as the 
variation of the capacitance as a 
function of the slider displacement 
(Figure 3.10b). By assuming a par-
allel plate capacitor model in which 
the capacitance (C) is determined by 
C = ε0 S / d, where ε is the permittiv-
ity of air (ε = 8.85 pF·m-1), S is the 
overlapping area of the two elec-
trodes, i.e., the area of the capacitor, 

and d is the distance between electrodes, we obtain a distance between electrodes 
of d = 227 µm ± 5 µm for the upper capacitor and d = 165 µm ± 5 µm for the lower 
capacitor. 

Figure 3.9 (a) Drawing of the circuit used to 
move the piezostacks. Each piezostack is repre-
sented by a capacitor. A sawtooth signal is applied 
in such a way that each piezostack receives the sig-
nal with a different phase. (b) Time-dependent 
simulation of the circuit shown in (a) where it is 
possible to see the delay of the signal at each node 
(highlighted by colored circles in (a)). 



 

-1 Scanning tunneling microscopy- 

79 

 

3 
 

Figure 3.10 (a) Artistic representation of the section of the lower part of the STM head where 
we can see the overlapping electrodes that act as a positioning capacitor. (b) Capacitance of the 
positioning capacitor as a function of the slider displacement. 

By combining the fine motion, provided by the piezotube, with the course mo-
tion, provided by the xy stage, it is possible to place the tip in the desired area of 
the sample, perform STM studies, and macroscopically move it to another area, 
knowing always the relative position of the tip with respect to the sample and thus 
performing large-scale maps of the sample. 
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2 X-ray photoelectron spectroscopy 

Photoelectron spectroscopy (PES) is an experimental technique widely em-
ployed in surface science because it provides relevant information about the ele-
mental and chemical nature of the surface, especially when the electrons are ex-
cited with X-ray radiation (XPS). In 1887, Heinrich Hertz discovered the effect of 
light on the generation of electric sparks [Hertz, 1887]. Hallwachs [Hallwachs, 
1888], as well as Lenard and Wolf [Lenard, 1889], studied this phenomenon in 
more detail, and Philipp Lenard [Lenard, 1902] was the first one to correctly de-
scribe the light-induced electron emission on metal surfaces including the work 
function that could not be understood by the classical wave theory of light. How-
ever, it was not until 1956 when the first surface studies using XPS were performed 
by Siegbahn et. al. [Siegbahn, 1956] to study the XPS spectrum of cleaved NaCl.  

The working principle of XPS is based on the detection of emitted electrons 
which are extracted from the atoms in a surface by irradiation with X-ray photons 
with the binding energy of the electrons in the atoms. In this way, it is possible to 
extract different parameters from the sample like the chemical composition or the 
electronic state. Here we are going to briefly explain the theoretical background of 
the XPS technique, focusing on the synchrotron radiation afterwards and its use to 
perform micro-XPS, i.e., local XPS. 
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2.1 Theoretical background 

When a material surface is illu-
minated with a photon-beam, for ex-
ample X-ray or ultraviolet (UV) ra-
diation, the energy of the photon can 
be transferred to an electron in the 
atomic orbitals of an atom and emit-
ted afterwards. This photoelectron 
emission can be divided in three 
main processes [Hofmann, 2012]: 
the first one is the interaction of the 
X-rays with the electron in the 
atomic shell and the generation of 
photoelectrons, the second process 
is the motion of these electrons 
through the solid to the surface, suf-
fering different inelastic scattering 
processes that produce a back-
ground, and the third process consists in the emission of the electrons reaching the 
surface to the vacuum. In Figure 3.11 we show a schematic diagram of the energy 
processes happening in an XPS experiment: an X-ray photon with energy hν 
(where h is Planck’s constant and ν is the photon frequency) transfers its energy to 
a core electron with binding energy Eb (with respect to the Fermi level, EF). The 
kinetic energy of the electron (Ekin) in vacuum is given by: 

𝐸𝐸𝑘𝑘𝑖𝑖𝑘𝑘 = ℎ𝜈𝜈 −  𝐸𝐸𝑏𝑏 − 𝛷𝛷𝑠𝑠 

Equation 3.8 

Where Φs is the sample work function. These electrons are detected with a 
detector (work function Φd), therefore, the energy measured in the detector is dif-
ferent than the energy of the electrons. However, it is still possible to determine 

Figure 3.11 Energy diagram of the process fol-
lowed by photoelectrons: a photon reaches the 
sample and its energy is absorbed by an electron, 
which is removed from the sample and detected 
afterwards in the detector. The detector is electri-
cally connected to the sample in order to make 
their Fermi energies equal. 
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the initial binding energy of the electron, which is a fingerprint of the chemical 
state of the atom. Both the sample and the detector are grounded, therefore, their 
Fermi levels are equal. Then, the energy conservation principle leads: 

𝐸𝐸𝑘𝑘𝑖𝑖𝑘𝑘 + 𝛷𝛷𝑠𝑠 = 𝐸𝐸𝑘𝑘𝑖𝑖𝑘𝑘,𝑑𝑑 + 𝛷𝛷𝑑𝑑 

Equation 3.9 

Where Ekin,d is the kinetic energy measured in the detector. Substituting Equa-
tion 3.9 in Equation 3.8, we obtain: 

𝐸𝐸𝑏𝑏 = ℎ𝜈𝜈 −  𝐸𝐸𝑘𝑘𝑖𝑖𝑘𝑘,𝑑𝑑 − 𝛷𝛷𝑑𝑑 

Equation 3.10 

This means that the binding energy can still be determined by measuring the 
kinetic energy of the emitted electron with the analyzer. The analyzer work func-
tion is usually determined by setting the energy scale to zero at the Fermi edge of 
reference samples. After energy calibration, Φd becomes zero, and Eb and Ekin,d are 
directly related through Ekin,d = hv – Eb. Equation 3.10 is only valid for conductive 
samples where the Fermi level is equal for analyzer and sample, but not for insu-
lators or charged samples, where the Fermi level is not well defined and the energy 
scale may shift. The high energy X-ray radiation is usually generated by Mg Kα 
(1253.6 eV), Al Kα (1486.6 eV) or synchrotron radiation. 
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2.2 Photoelectron spectra 

XPS spectra are usually given by intensity (counts per second) as a function of 
the binding energy. Binding energy and kinetic energy have different sign and thus 
the binding energy scale is plotted with increasing energy from right to left, oppo-
site to the usual coordinates. The kinetic energy of the photoelectrons can change 
according to the energy of the incoming photons, but the binding energy remains 
unchanged for electrons in a certain chemical state in a certain element. An XPS 
spectrum will present peaks at the energies corresponding to the binding energies 
of the electrons in the atoms and these peaks can be compared with the tabulated 
values. In Figure 3.12 we show a survey XPS spectra (scan with low energy reso-
lution covering a wide range of energy), obtained for MoO3, in which we can see 
the peaks corresponding to the different elements present in the sample. The XPS 
spectra also contains information on chemical stoichiometry that can be extracted 
from the intensity of the peaks and the area below it. 

Figure 3.12 Survey XPS spectra of a MoO3 sample where the main elements and their chemical 
state can be identified from the XPS peaks. 

There are different contributions to be taken into account when analyzing a 
XPS spectra: background, Auger electrons, satellite peaks, shake-up satellites and 
chemical shift. We are going to briefly explain them here. 
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Background. As mentioned before, the inelastic scattering of photoelectrons 
with other electrons present in the solid give rise to a background that appears in 
the spectra as a staircase-like structure. This background can be subtracted by using 
a proper algorithm. 

Auger electrons. The emission of photoelectrons causes the creation of holes 
in the atom. These holes might be filled by relaxation processes after a short time, 
causing the emission of a second electron called Auger electron. The energy of the 
emitted Auger electron is independent of the incident photon energy, thus, it is 
possible to detect them by changing the ionizing sources. The Auger electrons may 
be also used to identify the elements in the sample. 

Satellite peaks. Minor resonance lines might generate photoemission peaks 
contributing to the XPS spectra and they depend on the employed anode. These 
minor lines can be suppressed by using a monochromator that provides a narrow 
energy width. 

Shake-up satellites. The shake-up peaks appear at slightly higher binding en-
ergy than the primary peaks due to the rearrangement of the electrons after photo-
emission. The photoelectron suffers a loss in kinetic energy that gives rise to this 
peaks at a few eV to the higher binding energy side of the main peak. They are 
common in the presence of transition metal ions, aromatic systems or unsaturated 
bonds. 

Chemical shift. Any change in the bonding state of an atom gives rise to 
changes in the spectral characteristics. The binding energy does not only depend 
on the element but also on the chemical environment or the atomic energy states. 
Thus, any change in the energy levels of the atom will cause a shift in the binding 
energy with respect to the original element. 
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2.3 Micro-XPS using synchrotron radiation 

2.3.1 Synchrotron radiation 

A synchrotron is a type of cyclic particle accelerator in which the guiding mag-
netic field is time-dependent and it is synchronized to a particle beam of increasing 
(or constant) kinetic energy. The particles are accelerated in a closed path by vari-
ations of the magnetic field strength in time, rather than in space, as well as the 
variation of the frequency for particles which are not close to the speed of light. 
The circulation path can be held constant by tuning these parameters while the 
particles gain energy.  

We can distinguish three different types of synchrotron: 

1. Storage ring: synchrotron in which the kinetic energy of the particles 
is kept constant. 

2. Synchrotron light source: a combination of different electron acceler-
ator types, usually including a storage ring, that allows the generation 
of the electromagnetic radiation. They usually contain also a linear ac-
celerator (linac) and another synchrotron (booster), which serve to ac-
celerate the electrons before they are introduced in the storage ring. 
The radiation is then used in the beamlines, where the experiments are 
performed. 

3. Cyclic collider: consists in a combination of different accelerators in 
which two storage rings intersect with each other. 

Here we will focus on the synchrotron light source for the production of syn-
chrotron radiation. The radiation produced in a synchrotron light source is the elec-
tromagnetic radiation emitted by charged particles when they are radially acceler-
ated, normally in a storage ring. The accelerated particles are usually electrons. 
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In a synchrotron light source the particles need to be accelerated before injec-
tion in the storage ring by the linac or the booster. Once the high-energy electron 
beam is generated, it is directed through auxiliary components into the storage ring, 
which provides the magnetic fields needed to produce high-energy electromagnetic 
radiation from the accelerated electrons. The electromagnetic radiation is then di-
rected from the storage ring through the beamline, which is tangent to the particle 
beam path. The beamline includes X-ray optical devices, such as slits, mono-
chromators and mirrors, to control several parameters like the flux, beam dimen-
sions, energy, etc. The experimental setup to perform the experiments using the 
photon beam is at the end of the beamline. 

2.3.2 ALBA synchrotron light source. Circe Beamline 

ALBA is a third generation synchrotron light facility. It can produce a beam 
with energies of 3 GeV by combining a linac and a booster in the same tunnel as 
the storage ring [ALBA]. It has seven operational beamlines with soft and hard X-
rays. One of these beamlines (BL-24 CIRCE) is a variable polarization soft X-ray 
beamline for advanced photoemission experiments, which shares two branches: 
photoemission electron microscopy (PEEM) and near ambient pressure photoe-
mission (NAPP). A variable angle plane grating monochromator is used to produce 
a beam with photon energy ranging from 100 eV up to 2 GeV with an energy 
resolution of 8000. The photon flux is ~ 1013 ph/s and the beam spot size is varia-
ble, with a minimum area of 3.2 µm x 36 µm in the PEEM endstation, and 20 µm 
x 100 µm at the NAPP endstation. The source for the Circe beamline is a Pure 
Permanent Magnet APPLE II helical undulator inserted in the storage ring that 
provides linearly polarized light in any direction, as well as circularly-polarized 
light [ALBA]. 

Photoemission electron microscopy. The PEEM images a sample illuminated 
with soft X-rays (XPEEM) or UV-radiation, where the emitted electrons are accel-
erated by a field in the objective lens, which produces a magnified image of the 
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sample that can be magnified again with more lenses on the detector [Locatelli, 
2008]. The sample can be also studied with electrons instead of photons (LEEM). 
The separation of the incoming and outgoing electrons is achieved by a magnetic 
prism (sector field). The electrons emitted of reflected on the sample are guided 
into the image plane of the microscope and collected in the detector, which is usu-
ally a video or a CCD camera [Mentes, 2011]. In Figure 3.13 we show an sche-
matic drawing of a PEEM/LEEM microscope like the one used during this thesis.  

The PEEM/LEEM experiments performed during this thesis have been carried 
out at the PEEM station at the ALBA synchrotron light source, which consists of 
an Elmitec LEEM/PEEM III with a Kirkpatrick-Baez refocusing mirror pair which 
focusses the beam down to 12 µm x 36 µm [Aballe, 2015]. This microscope can 
work as low energy electron microscope (LEEM), low energy electron diffraction 

Figure 3.13 PEEM/LEEM schematic drawing. The electron-optical path is represented by the 
green dashed line. Different lenses are used to accelerate and collect the beam, which is analyzed 
later in the detector [Mentes, 2011].  
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(LEED), PEEM (with X-ray or UV radiation) with a spatial resolution of 10 nm in 
LEEM and UV-PEEM and 20 nm in XPEEM, and it can be used to perform XPS 
measurements with submicron spatial resolution and 150 meV of electron energy 
resolution. In Ref.[Aballe, 2015] pictures of two different views of the experi-
mental setup are shown, where more details about the experimental setup can be 
found. 

In Figure 3.14a and c we show optical microscopy images of ultrathin MoO3 
(synthetized by the method explained in Chapter 2) transferred on evaporated Pt 
on a SiO2/Si substrate with the corresponding LEEM images (Figure 3.14b and d, 
respectively). 
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Figure 3.14 (a) Optical microscopy image of MoO3 transferred on a Au substrate and (b) LEEM 
image corresponding to the area highlighted by a dashed yellow circle. (c) and (d) Same as in (a) 
and (b) for another area in the same sample 
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3 Electronic transport in field-effect devices 

One of the main applications of two-dimensional materials, especially those 
which are semiconductors, is the development of functional devices based in field-
effect. Two-dimensional semiconductors are being studied as promising materials 
for their use as channel in field-effect devices such as field-effect transistors (FET) 
due to their reduced dimensionality. Currently, processors used in electronic de-
vices have silicon-based metal-oxide-semiconductor field-effect transistors 
(MOSFETs) with dimensions of about 20 nm. The trend in this field is to reduce 
the dimensions of the FETs, but silicon-based FETs are reaching their limits due 
to statistical and quantum effects, as well as heat dissipation problems. Therefore, 
the research community is looking for new materials that can substitute silicon in 
modern electronics, solving the scalability problem. In the present section we will 
go through the main features of semiconductors, including their band structure and 
carrier doping, p-n junctions, and the electronic transport in field-effect devices, 
together with the experimental techniques employed in their characterization. 

 

3.1 Theoretical background 

In order to study the electronic transport in devices, we should first understand 
what a semiconductor is and why is it useful for electronic applications. The sem-
iconductors used for electronics are usually single-crystals and their main charac-
teristic is the opening of a gap in their band structure (energy-momentum relation-
ship) [Sze, 2006]. Thanks to the presence of this gap (bandgap hereafter) it is pos-
sible to make the semiconductor either a conducting material or non-conducting 
material by electrostatically doping it. To further understand this concepts, we will 
explain here the basics of the band structure of a semiconductor and its main prop-
erties. 
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3.1.1 The band structure of a semiconductor 

The energy-momentum relationship for carriers (electrons and holes) in a lat-
tice is important regarding the interaction with each other and with photons or pho-
nons. The band structure of a crystalline solid (the energy-momentum relationship, 
E-k) is usually obtained by solving the Schrödinger equation of the one-electron 
problem. For a periodic potential energy V(r) in the direct lattice space, the Bloch 
theorem states that the solutions of the wavefunctions Ψ(r,k) of the three-dimen-
sional time-independent Schrödinger equation [Kittel, 1963; Ziman, 1972; Sze, 
2006]: 

�−
ℏ2

2𝑚𝑚
∇2 + 𝑉𝑉(𝒓𝒓)�𝛹𝛹(𝒓𝒓,𝒌𝒌) = 𝐸𝐸(𝒌𝒌)𝛹𝛹(𝒓𝒓,𝒌𝒌) 

Equation 3.11 

are of the form of a Bloch function: 

𝛹𝛹(𝒓𝒓,𝒌𝒌) = 𝑒𝑒𝑥𝑥𝑒𝑒(𝑗𝑗𝒌𝒌 · 𝒓𝒓)𝑒𝑒𝑏𝑏(𝒓𝒓,𝒌𝒌) 

Equation 3.12 

Where b is the band index. Ψ(r,k) and Ub(r,k) are periodic in R (position vec-
tor) of the direct lattice: 

𝛹𝛹(𝒓𝒓 + 𝑹𝑹,𝒌𝒌) = 𝑒𝑒𝑥𝑥𝑒𝑒[𝑗𝑗𝒌𝒌 · (𝒓𝒓 + 𝑹𝑹)]𝑒𝑒𝑏𝑏(𝒓𝒓 + 𝑹𝑹,𝒌𝒌) 
= 𝑒𝑒𝑥𝑥𝑒𝑒(𝑗𝑗𝒌𝒌 · 𝒓𝒓)𝑒𝑒𝑥𝑥𝑒𝑒(𝑗𝑗𝒌𝒌 · 𝑹𝑹)𝑒𝑒𝑏𝑏(𝒓𝒓,𝒌𝒌) 

Equation 3.13 

Then, if Ψ(r,k) = Ψ(r+R,k), it is necessary that k·R = n2π, with n being an 
integer number. 
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From the Bloch theorem we can also extract the periodic nature of the energy 
in the reciprocal lattice, i.e., E(k) = E(k+G), where G is the general reciprocal lat-
tice vector, defined as: 

𝑮𝑮 = 𝑙𝑙𝒂𝒂∗ + 𝑚𝑚𝒃𝒃∗ + 𝑠𝑠𝒄𝒄∗ 

Equation 3.14 

With a*, b* and c* the lattice vectors in the reciprocal space and l, m and n 
integers. 

There are different methods to theoretically study the band structure of solids. 
For conventional semiconductors, the most common methods are the orthogo-
nalized method [Allen, 1955; Herman, 1955], the pseudopotential method 
[Phillips, 1958] and the k·p method [Smith, 1961] in combination with density 
functional theory (DFT) [Parr, 1989] and Green’s functions [Bogolyubov, 1959]. 
As an example, in Ref.[Cohen, 1988] and Ref.[Sze, 2006] we can find the calcu-
lated band structure for Si and GaAs using the pseudopotential method. For all 
semiconductors, there is a region in the band structure where we cannot find any 
band, i.e., there is a bandgap (Eg). The energy regions are forbidden inside this 
bandgap and thus they are permitted only below (valence band, EV) or above it 
(conduction band, EC). The bandgap is the most important characteristic of a sem-
iconductor and it will be a useful parameter for their applications. 

3.1.2 Carrier concentration 

Semiconducting materials can be doped with impurities to change its resistiv-
ity. This impurities can be ionized or depleted, leaving behind a charge density that 
results in electric fields or even potential barriers inside the semiconductor [Sze, 
2006]. These properties cannot be found in a metal or an insulator, making semi-
conducting materials very attractive for applications in electronics. 
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The impurities can be introduced in the crystal by substitutional atoms that 
replace one of the lattice atoms with a charge, by vacancies or by ion implantation. 
A good example for understanding how a semiconductor is doped is provided in 
Ref.[Sze, 2006] for the doping of a Si crystal with phosphorus (P) or boron (B) 
atoms. The example goes as follows: intrinsic Si is very pure and contains a negli-
gible amount of impurities, forming a lattice in which the four valence atoms are 
shared with the neighboring four atoms in covalent bonds. If we now replace a Si 
atom with a P atom with five valence electrons, four of these electrons will be 
bonded to the neighboring Si atoms, but the fifth electron is donated to the lattice 
in the conduction band. In this case, Si is n-type doped, meaning that there is an 
extra negative charge, and P is called a donor. On the other hand, if we now come 
back to the pure Si lattice and we substitute a Si atom with a B atom with three 
valence electrons, a positive charge (hole) is created in the valence band and an 
additional electron will be accepted to form four covalent bonds around the B 
atom. In this case, the Si is p-type doped and the B atom is an acceptor. 

When a semiconductor is doped with impurities, impurity energy levels are 
introduced within the bandgap. In an intrinsic semiconductor, the Fermi energy 
usually lies in between the valence and the conduction band (very close to the 
middle), but when an impurity is introduced, the new energy levels shift the Fermi 
energy towards the valence band (if we have acceptor impurities) or the conduction 
band (for donor impurities). The majority of carrier concentrations will be holes 
for a p-type doping, and then it is said that the conduction is through holes, while 
for n-type doping, the majority of carrier concentrations are electrons and the con-
duction is said to be through electrons. 
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3.1.3 p-n junctions 

 A p-n junction is the result of 
joining a p-type semiconductor with 
an n-type semiconductor. This con-
cept is widely employed in modern 
electronics (diodes, transistors, solar 
cells, light emitting diodes, etc.) and 
the theory regarding its applications 
was first established by Shockley 
[Shockley, 1949]. We will go into a 
qualitative understanding of the re-
lated physics of a p-n junction. 

In a p-n junction in equilibrium, 
i.e., without an external applied volt-
age, a potential difference across the 
junction is established, called built-
in potential (Vbi). The electrons of 
the n-type semiconductor close to 
the interface between the two mate-

rials tend to diffuse into the p region to recombine with holes, creating negative 
ions in the p region and positive ions in the n region. The same thing happens in 
the opposite way with holes diffusing in the n region. This recombination of elec-
trons and holes causes the creation of a region in the interface which is called the 
depletion layer (illustrated in Figure 3.15). The depletion layer favors the creation 
of an electric field which opposes to the diffusion of the carriers. The charge dis-
tribution, the electric field and the energy diagram resulting from the creation of 
the depletion layer are represented in Figure 3.15. 

Figure 3.15 Schematic drawing of a p-n junction 
with the corresponding charge and electric field 
distribution and the energy diagram. 
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 Forward bias. When a bias 
voltage is applied to the p-n junction 
with the positive terminal on the p-
type region and the negative termi-
nal in the n-type region, we obtain a 
forward bias situation. The electrons 
in the n region and the holes in the p 
region are pushed towards the junc-
tion, neutralizing the depletion layer 
and thus reducing its width. By in-
creasing the bias voltage, the charge 
carriers get enough energy to go 
against the electric field inside the 
depletion layer, resulting in a decrease of the electrical resistance. The forward bias 
causes the electrons to move from the n side to the p side, where they tend to re-
combine with holes present in the material, therefore, they are able to move only 
in a constrained region before they recombine. The length of this region is called 
the diffusion length, which is typically of the order of micrometers. Even though 
the electrons recombine with holes, the net current keeps increasing due to the 
movement of holes in the opposite direction (Figure 3.16). 

Reversed bias. When a bias voltage is applied to the p-n junction with the 
positive terminal on the n-type region and the negative terminal in the p-type re-
gion, we obtain a reversed bias situation. This situation is opposite to the forward 
bias since now the carriers are pulled away from the junction and thus the current 
is very low. Increasing the reversed bias voltage increases the electric field in the 
depletion layer, resulting in an increase of the electrical resistance. Nevertheless, 
the electric field can reach a critical point where the depletion layer breaks down 
and there is again current flow (Figure 3.16). This process is usually reversible. 

Figure 3.16 Current-voltage characteristics of a 
p-n junction in which we can distinguish the for-
ward and reversed bias regions. 
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3.1.4 Metal-insulator-semiconductor structures and devices 

 Metal-insulator-semiconductor 
(MIS) structures are a very useful 
system to study semiconductor sur-
faces since most of the semiconduc-
tor-based devices make use of these 
structures and are directly related to 
their surface conditions. To that mat-
ter, we are going to make a qualita-

tive review of the MIS capacitors and the further application in metal-oxide-semi-
conductor field-effect transistors (MOSFETs). 

The MIS structure was first proposed as a voltage-controlled variable capacitor 
by Moll [Moll, 1959] and by Pfann and Garret [Pfann, 1959], studied by Frankl 
[Frankl, 1961] and Lindner [Lindner, 1962] afterwards. The first functional MIS 
structure was made of SiO2 thermally grown on Si by Ligenza and Spitzer 
[Ligenza, 1960], which led to the first MOSFET by Khang and Atalla [Kahng, 
1960]. In Figure 3.17 we show the MIS structure, consisting in a “sandwich” in 
which an insulating layer with thickness d is placed in between an electrode and a 
semiconductor. The schematic energy diagram of the MIS structure is shown in 
Figure 3.18 for a p-type MIS in four different conditions (the n-type is similar but 
opposite): Figure 3.18a when there is no applied voltage at the metallic electrode, 
Figure 3.18b for a negative applied voltage, Figure 3.18c for a positive applied 
voltage and Figure 3.18d when the applied voltage is positive and large [Sze, 
2006]. 

(a) When there is not an applied voltage (V=0) in an ideal MIS (there are not 
interface trap charges and there is no carrier transport through the insula-
tor), i.e., the system is in equilibrium, the energy bands are flat (flat-band 
condition).  

Figure 3.17 Drawing of a MIS structure. 
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Figure 3.18 Energy diagrams of a MIS (with a p-type semiconductor) when (a) there is not any 
voltage between the metallic electrode and the semiconductor, (b) when a negative voltage is 
applied at the metallic electrode, (c) when a small voltage is applied at the metallic electrode and 
(d) when a large positive voltage is applied at the metallic electrode. 

(b) When a negative voltage (V<0) is applied at the electrode, the valence 
band edge bends upwards near the insulator-semiconductor interface, get-
ting closer to the Fermi level. This band-bending causes an accumulation 
of majority carriers (holes) near the semiconductor interface, called accu-
mulation case.  

(c) When a small positive voltage (V>0) is applied, the band bends down-
wards and the carriers are depleted, called depletion case.  
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(d)   When a large positive voltage is 
applied (V>>0), the bands bend 
even more downwards causing the 
intrinsic energy level (Ei) at the sur-
face to cross the Fermi level. In this 
case, the minority carriers (elec-
trons) accumulation at the surface is 
larger than that of the holes. This is 

the inversion case. 

With this in mind, we can now study the MOSFETs, which basically consist 
of a MIS structure (being the insulator an oxide) in which the voltage applied be-
tween the insulator and the semiconductor is called gate voltage (Vg), and there are 
two more metallic electrodes, called source and drain, which will be used to apply 
a bias (or drain-source) voltage (Vds) in the semiconductor. The basic structure of 
a MOSFET is illustrated in Figure 3.19. In this case, the semiconductor between 
the source and drain electrodes is called semiconducting channel. In the common 
MOSFETs, the semiconducting channel is p-Si into which two n+-regions are 
formed (source and drain electrodes). The insulating layer is SiO2 thermally grown 
for a high quality SiO2-Si interface. The gate electrode is usually heavily dope 
polysilicon or a combination of silicide and polysilicone. 

It is important to note here that the MOSFETs based on two-dimensional ma-
terials have been adapted by mainly removing the n+-regions below the source and 
drain electrodes in such a way that the two-dimensional semiconductor is mechan-
ically contacting the source and drain electrodes [Wang, 2012]. There are two main 
ways to characterize a MOSFET (the experimental techniques to perform this char-
acterization will be explained in the next section): the current-voltage characteris-
tics (drain-source current as a function of drain-source voltage) and the transfer 
curve (drain-source current as a function of the gate voltage). 

Figure 3.19 Drawing of a typical p-Si MOSFET. 



 

-3 Electronic transport in field-effect devices- 

99 

 

3 
 

 Let us consider at first the de-
pendence of the device with the gate 
voltage (transfer curve). For a cer-
tain drain-source voltage, we can 
find two different modes when we 
have a zero gate voltage (illustrated 
in Figure 3.20 for an n-type 
MOSFET): 

1. Enhancement mode 
(Figure 3.20a): the conductance of the channel is very low (off state) 
and a gate voltage is needed to make the MOSFET conducting (on 
state). 

2. Depletion mode (Figure 3.20b): the channel is conducting (on state) 
and a gate voltage is needed to turn if off (off state). 

Therefore, the gate voltage can be used to switch the device on/off. The gate 
voltage value for which the device switches from the on state to the off state is 
called threshold voltage and it depends on the work function of the channel mate-
rial. The current of the device in the off state is called subthreshold current (or off-
current) and it is desirable that is has a low value for efficiently switching off the 
device. High subthreshold currents might cause an electronic device to overheat 
during operation. On the other hand, a high current in the on state is also desirable 
because it provides a high on/off ratio, i.e., the ratio between the current in the on 
state and in the off state. A high on/off ratio improves the performance of the de-
vice since it is easier to distinguish between the two states. 

Regarding the current-voltage characteristics of a MOSFET we can identify 
three working regions for a certain gate voltage (illustrated in Figure 3.21): 

Figure 3.20 Transfer curve of MOSFET which 
is in (a) the enhancement mode and (b) the deple-
tion mode. 
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1. Linear region: here the channel 
acts as a resistor in which the cur-
rent behaves linearly with the drain-
source voltage. 

2. Nonlinear region: as the drain-
source voltage increases, the cur-
rent deviates from the linear behav-
ior. 

3. Saturation region: as the drain-
source voltage keeps increasing, it 
reaches a point where conduction 
does not take place through a nar-
row channel but through a broader 

one where current distribution extends away from the interface and 
deep in the semiconductor. The electric field between the drain and the 
channel is very high and conduction continues, but it does not depend 
much on the drain-source voltage because the relative voltage between 
the gate and the semiconductor is reduced. At this point, the current is 
almost constant for increasing drain-source voltage. The voltage value 
beyond which the current remains constant is called saturation volt-
age. 

The linear and saturation modes can be also identified in the transfer curve of 
the device, where the behavior is similar: in the linear region the current behaves 
linearly with the gate voltage, while in the saturation mode the current remains 
constant for increasing gate voltage. One of the main problems of the existing 
field-effect devices is the reduction of the channel length that gives birth to new 
conduction phenomena like velocity saturation, which causes the saturation current 

Figure 3.21 Drawing of the current-voltage char-
acteristics of a MOSFET for increasing gate volt-
age where the three regions can be identified: lin-
ear, nonlinear and saturation. 
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to have a quadratic dependence on the gate voltage, or quasi-ballistic transport 
[Sze, 2006]. 

From the transfer curve in any of these modes we can extract an important 
parameter of the device: the carrier mobility (µ), which characterizes how fast the 
carriers are able to move through the material. A high mobility is desirable in a 
MOSFET due to fast operation of the device. In the linear regime, the mobility can 
be calculated as: 

𝜇𝜇 =
𝑑𝑑𝐼𝐼
𝑑𝑑𝑉𝑉𝑔𝑔

𝐿𝐿
𝑊𝑊

1
𝑉𝑉𝑑𝑑𝑠𝑠𝐶𝐶𝑜𝑜𝑥𝑥

 

Equation 3.15 

Where dI/dVg is the slope of the transfer curve in the linear regime, L and W 
are the length and the width of the semiconducting channel, respectively, and Cox 
is the insulator capacitance. Similarly, in the saturation mode the mobility can be 
obtained as: 

𝜇𝜇 = �
𝑑𝑑𝐼𝐼
𝑑𝑑𝑉𝑉𝑔𝑔

�
2 2𝐿𝐿
𝑊𝑊

1
𝐶𝐶𝑜𝑜𝑥𝑥

 

Equation 3.16 

Where dI/dVg is now the slope of the transfer curve in the saturation regime. 
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3.2 Characterization 

As depicted in the previous section, there are two main measurements to char-
acterize a MOSFET: current-voltage characteristics and transfer curve. The exper-
imental setup employed to perform these two measurements is the same for both 
of them: a mechanical probe station (just probe station hereafter). It basically con-
sists of two or more metallic wires that can be moved by mechanical manipulators, 
usually micrometer screw manipulators, allowing to make an electric contact on a 
desired surface with micrometer precision. The devices measured during this thesis 
consist of low dimensional materials usually deposited by deterministic transfer 
(Chapter 2) on a SiO2/Si+ substrate and in contact with Au electrodes (either by 
transferring the material on pre-patterned electrodes or by fabricating electrodes 
by e-beam lithography). In Figure 3.22 we show optical microscopy images of one 

Figure 3.22 (a) Optical microscopy image of a field-effect device consisting of a mechanically 
exfoliated MoS2 monolayer transferred on pre-patterned Au electrodes on a SiO2/Si+ substrate. 
(b) Optical microscopy image of the dashed area in (a) with higher magnification. (c) Side-view 
schematic drawing of the device shown in (a) with the connections (drain-source voltage and gate 
voltage). 
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representative device (large-scale mechanically exfoliated MoS2 monolayer trans-
ferred on pre-patterned Au electrodes on a SiO2/Si+ substrate) with a schematic 
diagram of the electrical connections. With the probe station we are able to make 
mainly three electrical contacts: the source electrode, the drain electrode and the 
gate electrode. The gate electrode is usually connected by covering the edges of 
the substrate with silver conductive paint or silver epoxy conductive adhesive, in 
such a way that the substrate is glued to a sample holder and the electrical contact 
with the gate is done through the adhesive. 

The electrical characterization of the devices has been carried out with two 
experimental setups: a tabletop cryogenic probe station (Lakeshore cryogenics) 
with homemade electronics and an air-pressure homemade probe station with com-
mercial electronics (Keithley 2450). 

3.2.1 Lakeshore cryogenics tabletop probe station 

The tabletop cryogenic probe station (Prof. Herre van der Zant’s lab, TU Delft, 
The Netherlands) is provided with a cylindrical vacuum chamber (illustrated in 
Figure 3.23a) in which it is possible to control the atmosphere by pumping with 
an external pump (Pfeiffer Vacuum HiCube ECO Dry Pumping Station, P < 10-5 
mbar). Inside the chamber there is a radiation shield stage in which we find a sam-
ple stage with temperature control (Lakeshore temperature controller 336, 10 K < 
T < 675 K). Four probes arms with a XYZ micromanipulator (outside of the vac-
uum chamber) on one side and a probe on the other side make it possible to move 
the probe over the sample stage in order to make electrical contact between the tip 
of the probe and the sample. The probes are connected to the outside of the cham-
ber through the probe arm. In Figure 3.23b and c we show pictures of the probe 
station and the inside of the vacuum chamber. At the top part of the chamber there 
is a glass window for optical access to the inside. A zoom lens with a CCD camera 
is used to follow the probes displacement inside the chamber. The electronics used 
to perform the measurements are homemade and consist of two voltage sources, 
one in the range from 10 mV to 8V and the other one in the range from 10 V to 60 
V, and a current amplifier with current range from 10 nA to 1 µA. 
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3.2.2 Air-pressure probe station 

A simplified air-pressure two-probe station is used for fast and easy characteriza-
tion of devices. This probe station takes advantage of the reproducible geometry 
the devices fabricated on pre-patterned electrodes to make electrical contact by two 
fixed probes made of copper (or platinum) wires. A PCB board (approximately 20 
mm x 15 mm) consisting in three electrodes, two of approximately 7 mm x 5 mm 
and another one of approximately 15 mm x 10 mm, is used to make electrical con-
tact between the probes and the electronics and between the substrate (used as gate) 

Figure 3.23 (a) Schematic drawing of the inside of the vacuum chamber in a Lakeshore cryo-
genic tabletop probe station. (b) Picture of the Lakeshore cryogenic tabletop probe station in 
which we can identify the main elements. (c) Picture of the inside of the radiation shield stage 
where we can see the probes, the sample stage and some devices like the one shown in Figure 
3.23. 
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and the electronic equipment. The sample is placed in the biggest electrode (elec-
trical contact with the substrate is done with silver conductive paint) while the two 
probes lie on the sample pads. In Figure 3.24a and b we show top-view and side-
view pictures of the probe station, respectively. The probe station is placed (by 
using double-face tape) on a rotational XYZ micromanipulator used to align the 
sample and a zoom lens (equipped with a CCD camera) for optical access. The 
electronics consist of two source-meter source-measure units (Keithley 2450) with 
voltage range from 20 mV to 200 V and current range from 10 nA (resolution of 
500 fA) to 1 A (resolution of 50 µA). Figure 3.24c shows a picture of the whole 
setup. 
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Figure 3.24 (a) Top-view picture of the air-pressure probe station where we can see the probes 
in contact with a device (sample). (b) Side-view picture of the same probe station as in (a). (c) 
Picture of the whole setup for air-pressure device characterization. The probe station is placed on 
the sample stage, highlighted by a red dashed square. 
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3.2.3 Current-voltage measurements 

The FET characterization of the devices is performed by voltage sweeps while 
the drain-source current is measured. 

Current-voltage characteristics. The current-voltage characteristics of a de-
vice (Figure 3.21) are measured by sweeping the drain-source voltage while meas-
uring the drain-source current for a fixed gate voltage. From these measurements 
we can obtain the conductance of the device at the different FET regimes (linear, 
nonlinear and saturation) and the saturation current. 

Transfer curves. The transfer curves of a device (Figure 3.20) are measured 
by sweeping the gate voltage while measuring the drain-source current. From these 
measurements we can obtain the mobility of the device, the threshold voltage and 
the saturation current. 
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4 Photoresponse in optoelectronic devices 

Optoelectronic devices, as can be guessed from the name, consist of electronic 
devices which can interact with light by either absorbing or emitting electromag-
netic radiation from the ultraviolet (UV) to the near-infrared (NIR) region of the 
spectrum. There are several types of optoelectronic devices which can be grouped 
depending on the physical effect regarding their functioning, for example, we find 
the photoelectric or photovoltaic effect, photoconductivity, stimulated emission, 
radiative recombination or photoemissivity. There are many applications of these 
devices such as light meters, cameras, night vision equipment, energy harvesting, 
communications, etc. 

The optoelectronic devices are usually semiconductor-based devices due to the 
capability of these materials to promote charge carriers from their valence to their 
conduction band by absorbing photons with a specific energy (larger than the 
bandgap). Among the broad family of optoelectronic devices, here we are going to 
focus on those which are employed in light-detection (photodetectors) and are 
based on photoconductivity and those which can harvest energy by absorbing light 
(solar cells) and are based on the photovoltaic effect. 

Nowadays, photodetectors are based on bulk semiconductors such as silicon. 
As it happens with other electronic devices, bulk semiconductor photodetectors 
suffer the limitations of scalability as well as absorption efficiency problems re-
lated to the features of their bandgaps: they usually possess either a wide bandgap 
(limiting their absorption to a shorter region of the spectrum) or an indirect 
bandgap (requiring bulk materials for an efficient absorption), thus novel na-
noscale semiconducting materials are needed to overcome these issues. Two-di-
mensional materials show themselves as promising candidates for efficient light 
detection due to their high photon absorption probability even if they present a 
high transmittance. 
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In this section we explain the photocurrent generation mechanisms driven by 
electron-hole separation in semiconductors, as well as the experimental techniques 
employed to study these mechanisms in low-dimensional systems. 

 

4.1 Theoretical background 

The photocurrent generation mechanisms can be divided in two main groups: 
driven by electron-hole separation or by thermal processes [Buscema, 2015]. The 
electron-hole separation mechanisms cover photoconduction, photogating and 
photovoltaic effect, while the thermal mechanisms cover photo-thermoelectric ef-
fect and bolometric effect. Here we are going to focus in the electron-hole mecha-
nisms, doing a review on the theoretical background of each one of the mentioned 
mechanisms, and we are going to briefly mention the thermal mechanisms. 

4.1.1 Light absorption 

The absorption of light in a semiconductor is indicated by the absorption coef-
ficient. It does not only determine whether there is photoexcitation, but also where 
light is absorbed. If the absorption coefficient has a high value, it means that light 
is absorbed at the surface of the material, while a low value indicates that light can 
penetrate deeper in the semiconductor or even pass through it (transparent mate-
rial) [Sze, 2006]. In Figure 3.25 (obtained from Ref.[Melchior, 1972]) the meas-
ured intrinsic absorption coefficients as a function of the light wavelength for dif-
ferent materials used in photodetectors are shown. As can be depicted, different 
materials absorb light for a certain light wavelength range, meaning that the mate-
rial used in a photodetector must be carefully chosen according to its application. 
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Figure 3.25 Optical absorption coefficients for various photodetector materials, from (a) near 
optical to (b) infrared. Some laser emission wavelengths are indicated. [Melchior, 1972] 
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 The cutoff wavelength, i.e., the largest wavelength for which light can be ab-
sorbed is given by the material bandgap: 

𝜆𝜆𝐶𝐶 =
ℎ𝑐𝑐
𝐸𝐸𝑔𝑔

 

Equation 3.17 

Where λC is cutoff light wavelength, h is Planck’s constant, c is the speed of 
light and Eg is the bandgap of the material. Therefore, the smaller the bandgap, the 
larger the cutoff wavelength. 

4.1.2 Photoconductive effect 

In the photoconductive effect, light 
absorption generates extra free car-
riers that contribute to the conduc-
tion in the semiconductor, increas-
ing its conductance. Let us consider 
the case of a basic photodetector: a 
semiconducting material acting as 
channel, in contact with two metallic 
electrodes acting as source and drain 
(Figure 3.26). In dark conditions, 
i.e., when the photodetector is not upon illumination, a small current can flow 
through the semiconductor (dark current, Idark). When the photodetector is upon 
illumination with a light wavelength smaller than the cutoff wavelength, the light 
absorption generates electron-hole pairs which are separated by a drain-source 
voltage. In Figure 3.27 we can see an energy diagram of the photodetector in dark 
conditions and upon illumination. Thanks to the applied drain-source voltage, the 
electrons drift in one direction and the holes in the opposite one, resulting in a net 
current (Ilight) that increases the material conductance. The extra current generated 

Figure 3.26 Drawing of the structure of a basic 
photodetector. 
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by light absorption is usually called photocurrent (Iph) and is given by the differ-
ence between the current upon illumination and the current in dark conditions: Iph 
= Ilight – Idark. 

If we now consider the case in which we can electrostatically dope the semi-
conductor (just like in two-dimensional materials-based FETs like the one shown 
in Figure 3.22). The effect of photogenerated current in the current-voltage char-
acteristics of the device is an increase in the curve slope, i.e., and increase in the 
conductance (Figure 3.28a). On the other hand, the effect of the photogenerated 
current in the transfer curve of the device is a shift of the curve upwards (Figure 
3.28b) [Buscema, 2015]. 

Photogating. Photogating is a particular case of the photoconductive effect. 
When there are charge traps in localized states of the band structure of the material, 
they can act as local gate modulating the conductance. These localized trap states 
reside for long times and are usually located at defects or at the surface of the 
material [Buscema, 2015]. This effect becomes really important in nanoscale  

Figure 3.27 Schematic diagram energy of the photoconductive effect for a photodetector with 
an applied voltage (a) in dark conditions (small current) and (b) upon illumination (photocurrent). 
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Figure 3.28 Photoconductive effect (a) Schematic drawing of the current-voltage characteris-
tics of a photodetector in dark conditions (Idark) and upon illumination (Ilight). The curve is shifted 
due to photocurrent generation. (b) Schematic drawing of the transfer curve of a photodetector in 
dark conditions (Idark) and upon illumination (Ilight). The curve is shifted vertically due to photo-
current generation. Photogating effect (c) Schematic drawing of the current-voltage characteris-
tics of a photodetector in dark conditions (Idark) and upon illumination (Ilight). The curve is shifted 
due to photocurrent generation. (d) Schematic drawing of the transfer curve of a photodetector in 
dark conditions (Idark) and upon illumination (Ilight). The curve is shifted horizontally due to pho-
tocurrent generation. 

materials, where the surface-to-volume ratio is very high and the reduced screening 
play a major role. 

The effect of photogating generated current in the current-voltage characteris-
tics of the device is an increase in the curve slope, i.e., and increase in the conduct-
ance (Figure 3.28c). In the case of electrostatically doped semiconductors, the 
photogating effect can be depicted from the transfer curve as an horizontal shift of 
the current (Figure 3.28d). The absorption of photons upon illumination creates 
an electron-hole pair. one of the carriers, for example a hole, is trapped in localized 
states with energy close to the valence band, causing a shift in the Fermi energy 
due to the electric field created by the trapped charge and inducing more electrons. 
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The increased electron density makes the material more conducting, i.e., the con-
ductance becomes higher. 

4.1.3 Photovoltaic effect 

The photovoltaic effect was discov-
ered by Becquerel in 1839 
[Becquerel, 1839]. It describes the 
generation of voltage when a device 
is exposed to light by the separation 
of photogenerated electron-hole 
pairs due to an internal electric field. 
The photovoltaic effect appears usu-
ally in p-n junctions or Schottky bar-
riers in the interface between a sem-
iconductor and a metal [Saleh, 
2013]. In the case of a p-n junction 
(section 3.1.3 of the present chap-
ter), the internal electric field sepa-
rates the photoexcited electron-hole 

pairs, generating a sizable photocurrent even at zero bias voltage (short-circuit cur-
rent, Isc). An accumulation of carriers of opposite polarities takes place at different 
parts of the device when keeping the circuit open, generating a voltage (open-cir-
cuit voltage, Voc) [Buscema, 2015]. 

In reversed bias the reversed current decreases, i.e., becomes more negative, 
due to the drift of the photoexcited carriers in opposite directions driven by the 
junction electric field and thus creating the short-circuit current. On the other hand, 
an additional forward-bias is needed to compensate the reversed current, leading 
to the open-circuit voltage (Figure 3.29). In an ideal diode, the current-voltage 
characteristics can be describe by the Schockley diode equation [Sze, 2006]: 

Figure 3.29 Current-voltage characteristics of 
the photovoltaic effect in a p-n junction. The inter-
nal electric field causes a zero voltage current (Isc) 
and voltage at zero current (Voc). Im and Vm are cur-
rent and voltage values for which the device 
reaches the maximum output power. 
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𝐼𝐼 = 𝐼𝐼𝑠𝑠 �𝑒𝑒𝑥𝑥𝑒𝑒 �
𝑞𝑞𝑉𝑉
𝜂𝜂𝑘𝑘𝑇𝑇

� − 1� 

Equation 3.18 

Where Is is the saturation current in the reversed bias mode, η is the ideality 
factor (with a value between 1 and 2), k is the Boltzmann constant and T is the 
temperature. When the diode is upon illumination, the total current-voltage char-
acteristics results from adding the dark current and the photocurrent [Sze, 2006]: 

𝐼𝐼 =  𝐼𝐼𝑆𝑆 �𝑒𝑒𝑥𝑥𝑒𝑒 �
𝑞𝑞𝑉𝑉
𝜂𝜂𝑘𝑘𝑇𝑇

� − 1� − 𝐼𝐼𝑙𝑙𝑖𝑖𝑔𝑔ℎ𝑡𝑡 

Equation 3.19 

The open-circuit voltage can be obtained by evaluating Equation 3.19 when I 
= 0: 

𝑉𝑉𝑜𝑜𝑜𝑜 =
𝑘𝑘𝑇𝑇
𝑞𝑞
𝑙𝑙𝑠𝑠 �

𝐼𝐼𝐿𝐿
𝐼𝐼𝑠𝑠

+ 1� 

Equation 3.20 

In an ideal solar cell, the short-circuit current depends linearly with the incident 
light power, while the open-circuit voltage depends logarithmically with the inci-
dent light power. These phenomena can be used to convert the photons energy into 
electrical energy, i.e., energy harvesting. The electrical power harvested by the 
device is calculated as the product of the drain-source current and voltage (P = 
Ids·Vds), reaching its maximum value (Pm = Im·Vm) by evaluating dP/dVds = 0 [Sze, 
2006]. 
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4.1.4 Photo-thermoelectric effect 

Light absorption can result in thermal gradients in a device when illumination 
occurs only in a certain region of the semiconducting channel, or the absorption is 
different at different parts of the device upon homogeneous illumination, for ex-
ample, in heterostructures. In this situation, different parts of the device will pre-
sent different temperature and thus a gradient appears, causing a photo-thermoe-
lectric effect. The temperature gradient in the device (∆T) causes a voltage differ-
ence (∆V), due to the Seebeck effect, which is proportional to ∆T and the Seebeck 
coefficient (S) [Ashcroft, 1976]: 

∆𝑉𝑉 = −𝑆𝑆 ·  ∆𝑇𝑇 

Equation 3.21 

The Seebeck effect originates due to the dynamic equilibrium of different mi-
croscopic processes [MacDonald, 2006], and it is usually evaluated by the Mott 
relation [Mott, 1958]: 

𝑆𝑆 =  
𝜋𝜋2𝑘𝑘𝐵𝐵2𝑇𝑇

3𝑒𝑒
𝑑𝑑
𝑑𝑑𝐸𝐸

ln(𝜎𝜎(𝐸𝐸))�
𝐸𝐸=𝐸𝐸𝐹𝐹

 

Equation 3.22 

Where S is the Seebeck coefficient, kB is the Boltzmann constant and σ(E) is 
the conductivity as a function of the energy. The sign of the Seebeck coefficient 
depends on the majority carriers of the material (positive for p-type semiconduc-
tors and negative for n-type semiconductors). The photo-thermoelectric effect can 
be evaluated in a device by the current-voltage characteristics, where we see a shift 
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downwards (or upwards, depending on the sign of S) of the photocurrent with re-
spect to the dark current (Figure 3.30). This photo-thermoelectric effect leads to a 
voltage difference across the temperature gradient: 

 

4.1.5 Figures-of-merit 

In order to compare photodetectors there are different figures-of-merit which 
allows to evaluate the performance of different devices based, for example, on dif-
ferent materials. Here we are going to explain some of them [Buscema, 2015]: 

Responsivity. The responsivity (R) of a photodetector measures the ratio be-
tween the photocurrent generated by light absorption and the power of incident 
light, giving an estimation of the sensitivity of the photodetector: a higher respon-
sivity value means a higher electrical output for a certain light power. The respon-
sivity is defined as: 

∆𝑉𝑉𝑃𝑃𝑃𝑃𝐸𝐸 = 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑜𝑜𝑘𝑘𝑑𝑑𝑠𝑠𝑜𝑜𝑡𝑡𝑜𝑜𝑠𝑠 · ∆𝑇𝑇 

Equation 3.23 

Figure 3.30 Current-voltage characteristics of the photo-thermoelectric effect. The current upon 
illumination suffers a shift due to the generation of a thermo-voltage. 
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𝑅𝑅 =  

𝐼𝐼𝑝𝑝ℎ
𝑃𝑃

=
𝐼𝐼𝑙𝑙𝑖𝑖𝑔𝑔ℎ𝑡𝑡 − 𝐼𝐼𝑑𝑑𝑑𝑑𝑠𝑠𝑘𝑘

𝑃𝑃
 

Equation 3.24 

Where P is the light power. It is usually rewrote in terms of the effective power 
reaching the device, which is defined as the power density of the incident light 
multiplied by the device area (Peff = Pd · Adevice), giving the following expression 
for the responsivity: 

𝑅𝑅 =
𝐼𝐼𝑝𝑝ℎ
𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒

=
𝐼𝐼𝑝𝑝ℎ

𝑃𝑃𝑑𝑑 · 𝐴𝐴𝑑𝑑𝑠𝑠𝑑𝑑𝑖𝑖𝑜𝑜𝑠𝑠
 

Equation 3.25 

External quantum efficiency. The external quantum efficiency (EQE) is a 
ratio between the number of charge carriers in the photocurrent (ne) and the total 
number of photons (𝑠𝑠𝑝𝑝ℎ𝑜𝑜𝑡𝑡𝑜𝑜𝑘𝑘𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑙𝑙 ) and can be related to the responsivity: 

𝐸𝐸𝐸𝐸𝐸𝐸 =  
𝑠𝑠𝑠𝑠

𝑠𝑠𝑝𝑝ℎ𝑜𝑜𝑡𝑡𝑜𝑜𝑘𝑘𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑙𝑙 = 𝑅𝑅
ℎ𝑐𝑐
𝑒𝑒𝜆𝜆

 

Equation 3.26 

Where h is Planck’s constant, c is the speed of light, e is the elementary charge 
and λ is the light wavelength. 

Internal quantum efficiency. The internal quantum efficiency (IQE) is the 
number of measured charge carriers (ne) divided by the number of absorbed pho-
tons (𝑠𝑠𝑝𝑝ℎ𝑜𝑜𝑡𝑡𝑜𝑜𝑘𝑘𝑑𝑑𝑏𝑏𝑠𝑠 ). 
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Time response. The time response of a photodetector gives a measurement of 
the time needed by a photodetector to switch on (changing from dark current to 
illumination current) and off (changing from illumination current to dark current) 
when the incident light is switched on and off. It is measured between 10% and 
90% of the generated signal under modulated excitation intensity in the rising and 
falling edges. A good photodetector should have a small time response in order to 
effectively detect light. 

4.2 Characterization 

The optoelectronic characteriza-
tion of light-sensitive devices is per-
formed in a similar way as for the 
field-effect devices. A mechanical 
probe station is used to measure cur-
rent-voltage characteristics in dark 
conditions and upon illumination. 
As explained in the previous section, 
the photoresponse of a device is 
characterized by the photogenerated 
current upon illumination, which 
can be evaluated by measuring cur-
rent-voltage characteristics of the 
device in dark conditions and upon 
illumination. We can also evaluate the transfer curve for field-effect optoelectronic 
devices for enhanced performance of the devices. 

The devices measured during this thesis consist of low dimensional materials 
usually deposited by deterministic transfer (Chapter 2) on a SiO2/Si+ substrate and 
in contact with Au electrodes (either by transferring the material on pre-patterned 
electrodes or by fabricating electrodes by e-beam lithography). The optoelectronic 
characterization of the devices has been carried out with the two experimental set-
ups explained in section 3.2 of the present chapter: a tabletop cryogenic probe 

Figure 3.31 Schematic drawing of the measure-
ment of a photodetector. The device is set at a gate 
voltage while it is illuminated with a light spot. 
Current-voltage characteristics are measured. 
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station (Lakeshore cryogenics) with homemade electronics and an air-pressure 
homemade probe station with commercial electronics (Keithley 2450). In addition 
to the probe station setup, optical fiber-coupled LED (or laser) beams are incorpo-
rated in the system to illuminate the devices with specific wavelength light in order 
to measure the photoresponse at different regions of the electromagnetic spectrum. 
In Figure 3.31 we show an schematic drawing of the measurement of a photode-
tector based on two-dimensional materials: the device is illuminated with a light 
spot with a known diameter (with an area higher than that of the semiconducting 
channel) while we measure the current passing through the material by applying a 
source-drain voltage. This measurement is first performed in dark conditions in 
order to be able to evaluate the photocurrent. 

4.2.1 Lakeshore cryogenics tabletop probe station 

In addition to the experimental setup based on a Lakeshore cryogenics table 
top probe station shown in section 3.2.1 of the present chapter, we incorporate a 
free-space optical system with mirror-guided path to direct laser beams into the 
vacuum chamber of the probe station. The light source is provided by diode 
pumped solid state lasers operated in continuous wave mode (CNI lasers) with 8 
different wavelengths (405 nm, 442 nm, 473 nm, 532 nm, 640 nm, 808 nm, 885 
nm, 940 nm). The light is coupled into a multimode optical fiber through a para-
bolic mirror inside an optical table. In Figure 3.32 we show a picture of the optical 
table in which we can see the parabolic mirrors creating the path. At the end of this 
path we place the optical fiber to collect the beam. 
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At the other side of the optical 
fiber there is another parabolic mir-
ror which collimates the light exit-
ing the fiber. The beam is directed 
afterwards into the zoom lens of the 
probe station and then inside the 
vacuum chamber. The beam spot 
size on the sample has a diameter of 
200 µm. The light power is meas-
ured just before the vacuum cham-
ber with a silicon detector (Thorlabs 
meter power PM100D with sensor 
S120VC). 

The time-dependent measure-
ments are carried out by modulating 
the light intensity of the beam before 
been collected in the optical fiber 
with a mechanical chopper spinning 
at a desired frequency. 

 

4.2.2 Air-pressure probe station 

In addition to the experimental setup based on a homemade air-pressure probe 
station shown in section 3.2.2 of the present chapter, we incorporate an optical-
fiber guided system to direct the light beams to the device in the probe station. 

The light source is provided by light emitting diodes (LEDD1B-T-Cube LED 
Driver) with 8 different wavelengths (375 nm, 405 nm, 455 nm, 505 nm, 617 nm, 
660 nm, 850 nm and 1050 nm). The light is coupled into a multimode optical fiber 
directly at the output of the LED source and directed into the probe station zoom 

Figure 3.32 Picture of the optical table used to 
guide the light beam in the Lakeshore cryogenics 
tabletop probe station setup where we can distin-
guish some of the main elements. 
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lens. The beam spot size on the sample depends of the diameter of the fiber core 
used to guide the beam and ranges from 400 µm to 25 µm. The light power is 
measured just before the sample with a silicon detector (Thorlabs meter power 
PM100D with sensor S120VC). In Figure 3.33 we show a picture of the LEDs. 

The time-dependent measurements are carried out by modulating the LED in-
tensity with a function generator (Yokowaga) before been collected with the opti-
cal fiber at the output of the LED. 

4.2.3 Photoresponse measurements 

The photoresponse characterization of the devices is carried out by voltage 
sweeps while the drain-source current is measured. The full characterization covers 
photoresponse as a function of the light power for a certain light wavelength, pho-
toresponse as a function of the light wavelength for a certain light power and pho-
toresponse as a function of time for a certain light wavelength and power for dif-
ferent modulation frequencies. 

Figure 3.33 LEDs source board where we can see the light spots and the optical fiber at the 
beam collector. 
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Power-dependent measurements. The power dependent characterization of 
the devices is carried out by measuring the current-voltage characteristics of the 
device upon illumination with light for a certain wavelength with different powers. 
The device is first measured in dark conditions. Then, the light is switched on and 
its power is measured before illuminating the sample. Once we have measured the 
light power, we locate the light spot on the sample and perform again the current-
voltage characteristics. We repeat this process for different light powers. Finally, 
the photocurrent is obtained as the difference between the current-voltage curve 
upon illumination and in dark conditions. 

We repeat the process afterwards by fixing the drain-source voltage and sweep-
ing the gate voltage in order to measure the transfer curve of the device both upon 
illumination and in dark conditions. 

Wavelength-dependent measurements. The wavelength dependent charac-
terization of the devices is carried out by measuring the current-voltage character-
istics of the device upon illumination with light for a certain power with different 
wavelengths. The device is first measured in dark conditions. Then, the light with 
the desired wavelength is switched on and its power is measured before illuminat-
ing the sample. Once we have measured the light power, we locate the light spot 
on the sample and perform again the current-voltage characteristics. We repeat this 
process for different light wavelengths. Finally, the photocurrent is obtained as the 
difference between the current-voltage curve upon illumination and in dark condi-
tions. 

We repeat the process afterwards by fixing the drain-source voltage and sweep-
ing the gate voltage in order to measure the transfer curve of the device both upon 
illumination and in dark conditions. 

Time-dependent measurements. The time dependent characterization is car-
ried out upon illumination with a certain wavelength and a certain power, which 
are determined before illumination. Once we know the power of the light beam, 
we place the light spot on the sample and we fix a drain-source voltage and a gate 
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voltage. Then, we continuously measure the drain-source current as a function of 
time. The light excitation is set at a certain frequency either by the mechanical 
chopper (in the Lakeshore cryogenics tabletop probe station setup) or setting a sig-
nal with the function generator (in the air-pressure probe station setup). In this way, 
the light is automatically switched on/off at the desired frequency and we can 
measure both the current in dark conditions (at the valley of the light signal) and 
upon illumination (at the peaks of the light signal) and thus determine the rising 
and falling times of the device. The process can be repeated for different light 
wavelengths and light powers for a complete characterization of the device time-
dependent photoresponse. 
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5 Conclusions 

In this chapter we have reviewed the main experimental techniques employed 
during this thesis, covering scanning tunneling microscopy/spectroscopy, X-ray 
photoelectron spectroscopy, electronic transport in field-effect devices and pho-
toresponse in optoelectronic devices. We have explained the theoretical back-
ground related to these techniques for a further understanding of the physics behind 
the experiments. 

The technical details of the functioning of an STM have been explained, to-
gether with the development of a homemade long-range STM with the special fea-
ture of an xy stage, including a capacitive positioning system, which permits to 
know in every moment the relative position of the tip and the sample, a very im-
portant and useful feature for the application of the STM in the study of extended 
samples. We have also explained the main aspects of STS that will be useful in the 
study of the band structure and energy bandgap in low-dimensional semiconduc-
tors. 

The principles of XPS have been reviewed, especially those regarding the em-
ployment of synchrotron radiation for local-XPS measurements. Some of the tech-
nical details of the Circe beamline of the ALBA synchrotron light source have been 
overviewed for a further understanding of the measurements carried out in these 
facilities during this thesis. Especially, we have seen that synchrotron radiation can 
be used to effectively explore the elements present at the surface of a sample and, 
in combination with a PEEM/LEEM, to locally understand these features with mi-
crometer spatial resolution on two-dimensional materials. 

The main aspects of electronic transport in field effect devices, especially those 
regarding metal-insulator-semiconductor structures, have been explained. These 
devices are very useful for electronic applications thanks to the possibility of elec-
trostatically doping the semiconducting channel and thus switching on and off the 
device. Some of the main problems in this field have been commented and the 
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corresponding possible solutions regarding the application of two-dimensional ma-
terials as semiconducting channel. 

The response in optoelectronic devices for photodetection and energy harvest-
ing have been explained. It is of great importance to understand the different mech-
anisms governing the current generation upon illumination of semiconductor-
based optoelectronic devices for the development of efficient photodetectors and 
solar cells. The election of the correct material regarding the desired properties on 
a photodetector have been reviewed, as well as the main figures-of-merit that char-
acterize them. 
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4 
ONE-DIMENSIONAL SYSTEMS 

One-dimensional systems, such as nanowires or nanoribbons, are great systems 
to explore dimensionality dependent new physical phenomena. A broad group of 
applications for these one-dimensional systems are under study in fields like elec-
tronics, optoelectronics, electrochemistry or electromechanics. In this chapter we 
will study one-dimensional systems consisting of two or three terminal devices in 
which the semiconducting channel is either a nanoribbon (TiS3) or a nanofiber 
(TiO2) presenting a ratio between the channel length (tens of micrometers) and the 
cross-sectional area (from tens to hundreds of nanometers) higher than 10. We will 
study their physical properties, like their band structure, their thermal stability, or 
their application as field-effect devices and photodetectors, from either a theoreti-
cal or an experimental approach, and in different atmospheres (vacuum or air). 
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1 TiS3 Nanoribbons 

Titanium trisulfide (TiS3) is a layered semiconducting trichalcogenide with a 
direct bulk optical bandgap of 1 eV. It has recently gained attention due to its in-
teresting properties like low cost production, abundant and nontoxic elements com-
position and easy synthesis process, as well as due to potential applications in dif-
ferent fields like solar cells, photoelectrochemical cells, cathodes in batteries, hy-
drogen storage, thermoelectric conversion devices and optoelectronics [Grimmeis, 
1961; Ferrer, 2012; Ferrer, 2013; Gorlova, 2014a; Gorlova, 2014b; Island, 2014; 
Barawi, 2015; Dai, 2015; Island, 2015; Jin, 2015; Wu, 2015]. TiS3 grows in a lay-
ered ribbon-like shape and it has already been used in field-effect transistors, show-
ing n-type conduction behavior with current on/off ratios of 104 and mobilities up 
to 73 cm2 V-1·s-1. It has also been used in photodetectors with ultrahigh photore-
sponse, up to 2910 A·W-1 [Island, 2014; Island, 2015].  

In this section we show the crystal structure of TiS3, as well as the topographic 
characterization of the material. We investigate the band structure of TiS3 by a 
combination of scanning tunneling spectroscopy (STS) and photoelectrochemical 
measurements together with random phase approximation (RPA) and Bethe-Sal-
peter equation (BSE) calculations, in order to obtain the electronic and optical 
bandgaps and thus the exciton binding energy. We will also study the thermal sta-
bility of the material for applications in field-effect devices by electrical break-
down characterization, thermogravimetric analysis (TGA) and density functional 
theory (DFT) calculations. 
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1.1 Crystal structure 

TiS3 is a layered material belonging to the monoclinic ZrSe3-type crystal struc-
ture shown in Figure 4.1 [Furuseth, 1975]. It possesses a chain structure of trigonal 
prisms in which each Ti atom is coordinated to six S atoms at the corners and 
another two S atoms in the neighbor chains. The prisms are linked into an infinite 
chain in the b axis, while they are connected in parallel in the a axis, forming a 
sheet-like unit. The b axis chains make the material highly anisotropic [Island, 
2016]. The layers formed by these chains are stacked in the c axis by van der Waals 
bonds, allowing to mechanically exfoliate the bulk material down to a few-layer 
structure. Exfoliation occurs trough the (001) plane, contained by the a and b axis 
of the lattice. 

Figure 4.1 (a) Artistic representation of the TiS3 unit cell where the grey spheres represent the 
Ti atoms and the yellow spheres represent the S atoms. (b) Artistic representation of the layered 
crystal structure of TiS3.The unit cell is indicated by solid black lines. 
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1.2 Characterization 

The TiS3 samples used during this thesis are sinthetisez by the MIRE group 
(Materials of Interest in Renewable Energy, Universidad Autónoma de Madrid, 
Spain) and they are grown by direct sulphuration of Ti discs (Goodfellow 99,9%, 
Ø=10mm) in a vacuum sealed ampoule (10-3 mbar) with sulphur powder (Merk 
99,75%) at 500 ºC for 20 hours. At this temperature, sulphur pressure reaches 2 
bars. Ti discs had been previously etched in HF:HNO3 mixture (4% wt:30% wt) to 
remove the possible impurities accumulated in their surfaces [Ferrer, 2012]. 

In Figure 4.2a we show an scanning electron microscopy (SEM) image of the 
TiS3 film where nanoribbons with different thicknesses and lengths can be clearly 
identified. The quality of the synthetized material is confirmed by Raman spec-
troscopy (Figure 4.2b), where different vibrational modes can be distinguished 
(175 cm-1, 300 cm-1, 370 cm-1, 557 cm-1). 

Figure 4.2 (a) SEM image of the TiS3 thin film showing the nanoribbon morphology of the 
material. (b) Raman spectra acquired in the TiS3 thin film. 
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1.3 Band structure 

1.3.1 Electronic bandgap 

The samples employed in the STS study are prepared by transferring TiS3 rib-
bons onto a flame-annealed gold substrate. This process, similar to the Scotch tape 
method explained in Chapter 2, is illustrated in Figure 4.3a: a dry viscoelastic 
stamp (Gelfilm from GelPak®) is placed on bulk TiS3 and peeled off fast [Ferrer, 
2012; Ferrer, 2013]. The stamp is placed on a flame-annealed gold substrate after-
wards and removed slowly, leaving exfoliated material on the surface (see Figure 
4.3a). The sample is then annealed at 170 ºC in air during 3 hours to remove or-
ganic residues present on the surface. Characterization with AFM yields an aver-
age thickness for the ribbons of 60 nm (see section 1.2). Optical microscopy and 
AFM topographic images of the sample are shown in Figure 4.3b. The surface 
area covered by TiS3 is around 5% of the total sample area. 

The fabricated sample is studied with the homebuilt scanning tunneling micro-
scope (STM) operated at room temperature and ambient conditions [Molina-
Mendoza, 2014], that was explained in Chapter 3. The regions of the sample un-
covered with TiS3 are easily distinguished by their high differential conductance 
at zero bias in the current vs. voltage curves (called IVs hereafter) as well as by 
their corrugated topography (both features characteristic of evaporated gold films). 
When the STM tip is placed onto a TiS3 ribbon the tunneling IVs show a wide 
region with zero differential conductance, as expected for a semiconductor mate-
rial [Feenstra, 1994; Wilder, 1998]. Although we found it difficult to scan on the 
surface of the TiS3 (probably due to poor TiS3-Au adhesion), the topography im-
ages show flat terraces with sharp steps, as expected for a layered material as TiS3 
(see inset with blue frame in Figure 4.3c). Since these features are not unique to 
TiS3 ribbons, i.e., Au substrate could also present terraces and steps in its (111) 
reconstruction (although the employed substrate is simply evaporated gold, not re-
constructed), we further confirm the presence of TiS3 by measuring IVs, as for TiS3 
the IVs show a clear drop of the current down to zero when the bias voltage shifts 
the Fermi level within the TiS3 bandgap, while for gold the curve profile is that 
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expected for a metal-vacuum-metal junction. Figure 4.3c compares STS IVs ac-
quired on TiS3 ribbons and on gold with a tunneling current setpoint of ~100 pA 
to avoid band-bending effects in the measurements. 

Figure 4.3 (a) Schematic diagram of the sample preparation for STS measurements. A Gelfilm 
is first placed onto a bulk TiS3 sample, then it is pressed against a gold substrate and peeled off, 
leaving exfoliated TiS3 ribbons on the surface. (b) Optical microscopy image of TiS3 ribbons on 
a gold substrate. Inset: AFM topographic image of two TiS3 ribbons. (c) STS current-voltage 
characteristics of TiS3 (blue) and bare gold (red). Insets: STM topographic images of TiS3 (blue 
frame) and bare gold (red frame). 
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Statistical analysis. The measured STS spectra strongly depends on the exact 
arrangement of the atoms involved in the tunneling process, meaning that at ambi-
ent conditions the atomic diffusion and the thermal drift yields fluctuations be-
tween different measured IV traces. In order to overcome that issue, we recorded 
more than 1000 IVs in different TiS3 ribbons at different distances, i.e., different 
tunneling current setpoints, to run a statistical analysis with a 2D histogram 
[Castellanos-Gomez, 2012; Aria, 2014]: the recorded IVs are plotted in absolute 
value in a 2D histogram (Figure 4.4a), used to determine the valence and conduc-
tion bands values. This 2D histogram is built by discretizing the bias voltage and 
current axes into N number of bins, forming a NxN matrix (400x400 in this case) 
[Castellanos-Gomez, 2012]. Each data point with current and voltage values within 
the interval of one bin adds one count to it, representing each count with a color-
map. A histogram with the current bins around zero current (0 pA < I ≤ 0.5 pA) is 
plotted afterwards (Figure 4.4b), choosing the bias voltage value corresponding 

Figure 4.4 (a) Colormap histogram including 205 STS current-voltage characteristics (current 
in absolute value). A representative current-voltage curve is plotted in solid black line on top. 
Inset: zoom around zero current in the colormap histogram. (b) One dimensional histogram 
extracted from a profile along the dashed line (zero current) in the two dimensional histogram (a). 
The vertical red lines indicate the valence and conduction band values (-0.64 ± 0.06 eV and 0.47 
± 0.06 eV, respectively). The shaded area represents the uncertainty for each value. 
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to 50% of the maximum counts as the valence and conduction bands values. Fig-
ure 4.5 and Figure 4.6 show 2D histograms built from synthetic curves that clarify 
the way in which the 2D histograms are constructed from a grid representing the 
bin sizes. In Figure 4.5a we show how the current and voltage axes are divided in 
15 bins each one with the same size, yielding a grid of 225 bins. In Figure 4.5b 
we plot a semiconductor-like synthetic current-voltage curve in absolute value 
superposed to the grid shown in Figure 4.5a. Finally, in Figure 4.5c we represent 
a 2D histogram obtained from counting the number of points of the synthetic curve 
that fall within each bin. The colors represent the density of points in each bin, 
with yellow representing the bins with the highest density of points and white rep-
resenting the bins without points. Moreover, in Figure 4.6 we represent a 2D his-
togram constructed as in Figure 4.5, adding Gaussian white noise to the synthetic 
curve in order to make a more realistic approach to an experimental curve. In this 
case, the 2D histogram is more dispersed.  

Figure 4.5 (a) Grid representing the bin sizes for a 2D histogram construction. Both current and 
voltage axes are divided in 15 bins with the same size. (b) Synthetic semiconductor-like current-
voltage curve in absolute value. (c) 2D histogram constructed from the artificial current-voltage 
curve shown in (b). The numbers in blue color indicate the number of datapoints whose (abs(I),V) 
values are within each bin. 
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Coming back to the experimental results, we have chosen a set of 205 IVs 
among all the recorded curves to build the 2D histogram illustrated in Figure 4.4a 
(the complete set is shown in Figure 4.7 as a function of the tip-sample distance). 
A line profile along zero current (dashed line in Figure 4.4a) is taken to represent 
the number of counts as a function of tip voltage. This one dimensional histogram 
(Figure 4.4b) is used to determine the valence and conduction bands values as the 
voltage value at which the counts are 50% of the highest count (vertical red lines 
in Figure 4.4b). Using this method the measured value for the valence band is EVB 
= -0.64 ± 0.06 eV, while for the conduction band is ECB = 0.47 ± 0.06 eV. It is 
important to note that the IVs show a shift of the Fermi level towards the conduc-
tion band, meaning that the material is an n-doped semiconductor. The n-type dop-
ing of this compound has already been studied with transport measurements and 
found to be related to the presence of sulphur vacancies, similar to other semicon-
ducting dichalcogenides [Liu, 2012; Kim, 2013; Zhou, 2013; Lu, 2014; Island, 
2015]. 

Figure 4.6 (a) Synthetic semiconductor-like current-voltage characteristic with the addition of 
gaussian white noise. (b) 2D histogram (15x15 bins) constructed from three different “noisy” 
curves as the one shown in (a). The 2D histogram is constructed in the same way as the one in 
Figure 4.5. 
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Another aspect of STS measurements at ambient conditions that needs to be 
considered is that the IVs are thermally broadened, leading to a slight underesti-
mation of the bandgap value. This band broadening, as indicated by S. Crampin et 
al. in Ref.[Crampin, 2005], is induced by the temperature dependence of the 
Fermi-Dirac function and it is obtained from the convolution of the differential 
conductivity of STS with the derivative of the Fermi-Dirac function.  As a result 
of this, STS measurements performed at a finite temperature T yield traces that are 
broadened by Et ≈ 3.5 kB T (where kB is the Boltzmann constant), meaning that the 
bandgap will be reduced by this magnitude which, in our case, has a value of Et = 
90 meV [Crampin, 2005]. Adding the thermal broadening quantity to the measured 
bandgap value we see that the electronic bandgap of TiS3 ribbons is: 𝐸𝐸𝑔𝑔,𝑒𝑒𝑒𝑒

𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐸𝐸𝐶𝐶𝐶𝐶 −
𝐸𝐸𝑉𝑉𝐶𝐶 + 𝐸𝐸𝑡𝑡 = 1.20 ± 0.08 𝑒𝑒𝑒𝑒. 

As we said above, the distance between the tip and the sample needs to be large 
enough to avoid band-bending effects. The high electric field between the tip and 
the sample in tunneling might affect the band structure of the sample, we have 
experimentally seen this by setting the tunneling current at different values in con-
stant current mode and running the IVs. The result is a decrease of the energy gap 
in the sample as the tip gets closer to the sample, i.e., the tunneling current is higher 
(Figure 4.7). 
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Figure 4.7 (a), (c), (e) Colormap histograms showing STS current-voltage characteristics 
(current in absolute value) for different tip-sample distances, i.e., different tunneling current 
setpoints. Tip-sample distance is decreasing from (a) to (e). (b), (d), (f) One dimensional 
histograms extracted from a profile along zero current in the two dimensional histogram on the 
left of each figure, i.e., (b) corresponds to the zero current in (a), (d) corresponds to (c) and (f) 
corresponds to (e). 
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1.3.2 Optical bandgap 

The optical bandgap was determined by photoelectrochemical measurements, 
performed by MIRE group, in a three-electrode glass cell with a quartz window in 
an aqueous solution of 0.5 M Na2SO3 buffered a pH = 9.5. TiS3 ribbons were used 
as working photoanode. The counter electrode was a platinum sheet, and the ref-
erence one was an Ag/AgCl electrode. A halogen lamp was used as visible light 
source, which is coupled to a Bausch and Lomb monochromator. Photocurrents at 
0.5 V (Ag/AgCl) under different photon energies have been measured by using a 
potentiostat-galvanostat (PGSTAT302N) to obtain the photocurrent spectral 
response. During the experiment, an argon flow of 20 sscm was passed through the 
top of the cell. The setup for the photoelectrochemical measurements is illustrated 
in Figure 4.8a. Photocurrent spectral response density of TiS3 at 0.5 V (vs. 
Ag/AgCl) is represented in a Tauc plot (Figure 4.8b) [Tauc, 1968]. The optical 
bandgap is determined by the point where a linear fit of the data crosses the x-axis, 
i.e., the wavelength or photon energy. This method also provides information about 
the nature of the gap, direct or indirect, depending on the shape of the spectra. In 
these plots the dependence of an optical magnitude A (absorption coefficient, pho-
tocurrent, etc.) on the photon energy (or wavelength) defines the type of the optical 
energy transition between bands. The linear fit of (A·hυ) n  vs. hυ for n = 2 hints 
direct allowed transition and for n = 1/2 implies indirect allowed transition. For 
TiS3 two direct transitions can be observed corresponding to 1.07 ± 0.01 eV and 
1.29 ± 0.01 eV. The transition corresponding to the formation of the first exciton 
state is the one depicted in Figure 4.8b: 𝐸𝐸𝑔𝑔,𝑜𝑜𝑒𝑒𝑡𝑡

𝑒𝑒𝑒𝑒𝑒𝑒 = 1.07 ± 0.01 𝑒𝑒𝑒𝑒. These results 
are in good agreement with the previously reported experimental values obtained 
from photocurrent response and optical absorption measurements, obtained for 
TiS3 samples grown under different conditions and different precursor materials 
[Ferrer, 2012; Ferrer, 2013]. 
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Figure 4.8 (a) Schematic drawing of the experimental setup used for the photoelectrochemical 
measurements to determine the optical bandgap. (b) Photocurrent density as a function of light 
wavelength (energy). The optical bandgap energy (1.07 ± 0.01 eV) is determined by the point 
where the linear fit cuts the zero photocurrent density (highlighted in the inset). 

 

1.3.3 Exciton binding energy 

Considering the measured values for both the electronic and optical bandgaps, 
we can calculate the corresponding exciton binding energy as the difference be-
tween the two bandgaps: 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑔𝑔,𝑒𝑒𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐸𝐸𝑔𝑔,𝑜𝑜𝑒𝑒𝑡𝑡

𝑒𝑒𝑒𝑒𝑒𝑒 = 130 𝑚𝑚𝑒𝑒𝑒𝑒. This binding energy 
is 1-2 orders of magnitude larger than that of common semiconductors like silicon, 
germanium, gallium arsenide or groups II-VI and III-V (ranging from 1 meV up 
to 60 meV) and comparable to bulk TMDCs (ranging from 70 meV in bulk up to 
900 meV in monolayer) [McLean, 1960; Sturge, 1962; Evans, 1965; Davey, 1972; 
Fortin, 1975; Beal, 1979; Anedda, 1980; Huang, 2001; Liu, 2003; Martiensen, 
2005; makMak, 2010; Lin, 2014; Ugeda, 2014], making TiS3 a highly interesting 
and promising material for studying interesting excitonic physical phenomena like 
the ones recently found in layered TMDCs. 
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1.3.4 Density functional theory calculations 

To better understand and interpret our experimental findings, our results are 
compared with state-of-the-art density functional theory (DFT) calculations in 
combination with many-body techniques performed by Prof. Roberto D’Agosta’s 
group (ETSF Scientific Development Center, Universidad del País Vasco, Spain). 
Namely, the electronic structure of bulk TiS3 is first investigated within DFT. As 
DFT tends to underestimate the electronic bandgap, G0W0 calculations are per-
formed in order to get an accurate value for the electronic bandgap. 

To access the optical gap, one has to include the interaction between the ex-
cited electron in the conduction band with the hole created in the valence band. For 
this, the Bethe-Salpeter equation (BSE) is solved starting from the GW corrected 
DFT results [Strinati, 1984; Rohlfing, 2000]. In Figure 4.9 the absorption spectra 
of bulk TiS3 are shown with BSE and without random phase approximation (RPA) 
electron-hole interaction. The absorption peak in the RPA spectrum at 𝐸𝐸𝑔𝑔,𝑒𝑒𝑒𝑒

𝑡𝑡ℎ =
1.15 𝑒𝑒𝑒𝑒 coincides with the electronic bandgap, while the peak of the BSE spec-
trum at 𝐸𝐸𝑔𝑔,𝑜𝑜𝑒𝑒𝑡𝑡

𝑡𝑡ℎ𝑒𝑒 = 1.05 𝑒𝑒𝑒𝑒 gives the optical gap. The peaks at ~1.2 eV correspond 
to an optical transition to a higher energy level in the conduction band, as men-
tioned in Ref.[Island, 2015]. Hence, the exciton binding energy is 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡ℎ𝑒𝑒 =
100 𝑚𝑚𝑒𝑒𝑒𝑒, in excellent agreement with the experimental results. 
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Figure 4.9 Calculated absorption spectra for TiS3 ribbons using RPA (red) and solving the BSE 
(blue). The first peak in the BSE spectrum indicates the optical bandgap (1.05 eV), while the 
electronic gap is 1.15 eV and coincides with the first peak of the RPA spectrum. Inset: zoom of 
the energy region around the absorption peak corresponding to the optical bandgap. 
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1.4 Thermal stability 

Two-dimensional (2D) materials have been proposed as prospective candi-
dates to replace common semiconductors in electronic devices thanks to their in-
teresting properties such as high on/off ratio, high carrier mobility or lack of short-
channel effects when scaling down the devices [Pop, 2006; Wang, 2012]. Never-
theless, one of the main problems with miniaturization is the increase of the current 
density passing through the device that lead to malfunctioning and electrical break-
down due to Joule heating or related phenomena [Pop, 2010; Wang, 2012; Fiori, 
2014]. Therefore, nanomaterials that can stand high current densities are highly 
interesting for electronic applications and the study of their thermal stability is cru-
cial to improve their performance. 

In this section we are going to study the maximum current density before elec-
trical breakdown in TiS3 nanoribbon-based FETs, found to be as high as state-of-
the-art FETs based on nanostructured semiconductors (1.7 ∙ 106 A/cm2), with an 
estimated temperature at breakdown of ~400 °C, below the temperature expected 
for this material. A study of the different mechanisms governing this breakdown 
suggests the influence of the creation of defects in the material in addition to Joule 
heating. To further understand the thermal stability of the material, we perform 
thermogravimetric analysis (TGA) in thin films, finding that the oxygen adsorbed 
on the surface is playing an important role in the desorption of S atoms that lead 
to vacancy formation and thus the creation of defects that may trigger the break-
down process in FETs. Furthermore, we compare with density functional theory 
(DFT) calculations in which the different processes that can occur on the TiS3 sur-
face interacting with oxygen are considered finding that, in fact, oxygen atoms are 
able to remove S atoms, creating up to two vacancies per unit cell, in good agree-
ment with the TGA measurements. 
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1.4.1 TiS3-based field-effect transistors 

Field-effect transistors based on TiS3 nanoribbons are fabricated by mechani-
cal exfoliation from bulk material (the samples are fabricated by Prof. Herre van 
der Zant’s group, Delft University of Technology, The Netherlands), obtaining 
few-layer nanoribbons with thicknesses ranging between 15 nm and 35 nm (~ 17 
to 40 layers). The exfoliated nanoribbons are then transferred onto a SiO2 substrate 
(285 nm thickness) thermally grown on a highly p-doped Si substrate by the deter-
ministic transfer method explained in Chapter 2 [Castellanos-Gomez, 2014]. 
Briefly, a polydimethylsiloxane (PDMS) stamp (Gelfilm from GelPak®) is placed 
on bulk TiS3 and peeled off fast, removing several nanoribbons with different 
thicknesses which are cleaved again by peeling with another PDMS stamp. The 

Figure 4.10 (a) SEM image of three TiS3 FET fabricated with from one TiS3 nanoribbon. (b) 
Higher resolution SEM image of one of the TiS3 FET shown in (a). (c) Current-voltage character-
istics of a TiS3 nanoribbon device for different back-gate voltages. (d) Transfer curves of a TiS3 
nanoribbon FET for different drain-source voltages. 



 

-Chapter 4: One-dimensional systems- 

  

150 

 

4 

stamp is then placed on the SiO2/Si(p+) substrate and removed slowly, leaving the 
exfoliated material on the surface. We use standard e-beam lithography and lift-
off procedures to define the metallic contacts (5 nm Ti/50 nm Au), as explained in 
Chapter 2. Scanning electron microscopy (SEM) images of three representative 
devices are shown in Figure 4.10a and b. The electrical characterization of the 
devices was carried out in a high vacuum (pressure lower than 10-5 mbar) probe 
station. The current-voltage characteristics (Ids-Vds) of one device is shown in Fig-
ure 4.10c and the transfer curve (current passing through the device while sweep-
ing the back gate voltage for a fixed Vds, Isd-Vg) shows n-type behaviour with ~103 
on/off ratio (Figure 4.10d) and off-state current of ~530 pA.  

From the transfer curve we extract the FET mobility using the following equa-
tion: 

𝜇𝜇 =  
𝐿𝐿

𝑊𝑊𝐶𝐶𝑖𝑖𝑒𝑒𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝑑𝑑𝑑𝑑
𝜕𝜕𝑒𝑒𝑔𝑔

 

Equation 4.1 

where L and W are the channel length and width, respectively, and Ci is the capac-
itance per unit area to the gate electrode. Using equation (1) and a parallel plate 
capacitor model, we estimate a two-terminal mobility of ~ 1 cm2 V-1 s-1, similar to 
the one reported for TiS3 nanoribbons FETs [Island, 2015]. Here we have to take 
into account that the measurement is done with two terminals, what is known to 
give an underestimated value for the mobility. 
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1.4.2 Electrical breakdown of FETs 

The electrical breakdown of TiS3 nanoribbons was studied in air and at room 
temperature in order to study the FETs in the standard operating conditions for 
electronic devices, nevertheless, one device was also measured in vacuum, obtain-
ing similar results. The procedure used for determining the electrical breakdown 
of the devices goes as follows: the back-gate voltage is set to +40 V to turn the 
device to the ON state, i.e., to reduce the channel resistance. A voltage is applied 
at one of the two electrodes (source), while the current is measured at the other 
electrode (drain), establishing a drain-source voltage which is slowly swept  

Figure 4.11 (a) Current-voltage characteristics during the electrical breakdown process of two 
TiS3 devices. The green circles highlight the current and voltage values just before breakdown. 
(b) and (c) AFM topographic images of one device before (b) and after (c) electrical breakdown. 
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(208 mV/s in steps of 6 mV) from 
0 V up to the breakdown voltage 
(Figure 4.11a). The breakdown 
current and voltage values can be 
easily identified from the sharp 
drop of the current to 0 A (green 
circles in Figure 4.11a). Atomic 
force microscopy (AFM) topo-
graphic images of one representa-
tive device before and after elec-
trical breakdown are shown in 
Figure 4.11b and c, respectively. 
The highest current density at 
breakdown measured in our TiS3 
FETs is 1.7 ∙ 106 A/cm2, which is 

among the highest reported when directly compared with the breakdown current 
density measured for other semiconducting nanomaterials (multilayer MoS2 
[Yang, 2014], TiO2 [Anmin, 2011], SnO2 [Anmin, 2011], Si [Wurz, 2008] and 
GaN [Westover, 2009]), shown in Figure 4.12. This makes TiS3 a very interesting 
candidate for field-effect devices requiring high current densities or high power 
electronics.  

In Figure 4.13 we show the current-voltage trace measured during the break-
down process for one TiS3 device in vacuum (P < 10-5 mbar). As it can be depicted, 
the voltage needed to electrically break the nanodevice is in the same order of 
magnitude that those needed to break the nanodevices in air. The current density 
at breakdown measured for this device is 9.5·105 A/cm2, in the same order of mag-
nitude as the devices measured in air. This result suggests either that the air is not 
important in the breakdown process or that even a small quantity of oxygen that 
might be adsorbed on the nanoribbon surface is enough to trigger the electrical  

Figure 4.12 Maximum current density at breakdown 
for different nanomaterials: TiO2, SnO2, Si, and GaN 
nanowires, multi-layer MoS2, and TiS3 (present 
work). 
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breakdown. As it will be discussed 
later, from the TGA measurements it 
is found that the oxygen adsorbed on 
the surface is playing an important 
role in the process. 

A deeper understanding of the 
breakdown process requires the 
analysis of the current density at 
breakdown (JBD). The current den-
sity at breakdown is calculated from 
the current value just before break-
down and the cross-sectional area of 
the device, which is determined by 
AFM topographic characterization. The measured breakdown current density 
ranges from 105 A/cm2 to 1.7 ∙ 106 A/cm2 among all devices, with an average value 
of 6.8∙105 A/cm2. Figure 4.14 shows the current density at breakdown for all 9 
devices as a function of the device resistivity (ρ), calculated from the conductance 
just before breakdown. As reported 
in previous works [Suzuki, 2007; 
Murali, 2009], increasing the drain-
source voltage translates into Joule 
heating that might be responsible for 
decreasing the contact resistance be-
tween the semiconducting material 
and the electrodes, as well as anneal-
ing the material, i.e., removing ad-
sorbates, increasing therefore the 
conductivity of the material, as can 
be depicted in the current-voltage 
curves shown in Figure 4.11a. Tak-
ing this into account, the resistivity 
of the material in this analysis 

Figure 4.13 Current-voltage curve of a TiS3 na-
noribbon-based device measured in vacuum (P < 
10-5 mbar). The electrical breakdown occurs at a 
current density of 9.5·105 A/cm2, in the same 
range as the devices measured in air. 

 

Figure 4.14 Current density at breakdown volt-
age versus resistivity in logarithmic scale for all 
the measured devices (blue dots). The red line rep-
resents a linear fit which yields a slope of -0.78. 
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should be calculated prior breakdown instead of at low-voltage [Suzuki, 2007; 
Murali, 2009]. 

The expected behavior of the current density as a function of the resistivity for 
a purely Joule heating process is 𝐽𝐽𝐶𝐶𝐵𝐵 ∝ 1/�𝜌𝜌, which arises from solving the 1D 
heat equation [Suzuki, 2007]. A linear fit of the experimental data (JBD as a func-
tion of ρ, red line in Figure 4.14) gives a slope of -0.78 with a R2 value of 0.99, 
yielding a dependence of the current density with resistivity of the form: 𝐽𝐽𝐶𝐶𝐵𝐵 ∝
𝜌𝜌−0.78. This deviation from 𝐽𝐽𝐶𝐶𝐵𝐵 ∝ 1/�𝜌𝜌 is related to the influence of different 
phenomena (defects, impurities, electron-hole pairs formation…) in the break-
down process apart from a pure Joule heating process [Suzuki, 2007; Murali, 2009; 
Zhang, 2010]. 

We investigate the nature of the breakdown process by estimating the temper-
ature along the device using the analytical solution to the 1D heat equation [Pop, 
2010; Islam, 2013; Yiğen, 2013]: 

𝑇𝑇(𝑥𝑥) = 𝑇𝑇0 +
𝑝𝑝′𝑒𝑒
𝑔𝑔 �1 −

cosh (𝑥𝑥 𝐿𝐿𝐻𝐻⁄ )
cosh (𝐿𝐿 2𝐿𝐿𝐻𝐻⁄ )�

 

Equation 4.2 

where T0 = 300 K and LH = (kA/g)1/2 is the characteristic healing length along the 
material, p’x ≈ I2R/L (with I the current passing through the device, R the corre-
sponding resistance and L the channel length) is the Joule heating rate in watts per 
unit length and g ≈ 1/[L(Rox + RSi)] is the thermal conductance to the substrate per 
unit length, with the thermal resistance of SiO2 and Si Rox = tox/(koxWL) and RSi = 
1/(kSi(WL)1/2), where tox is the SiO2 thickness (285 nm), kox and kSi are the thermal 
conductivities of SiO2 and Si, respectively, and W and L are the channel width and 
length.  
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Using equation (2) for the TiS3 devices (with values kTiS3 = 3.6 W·K-1 m-1 
[Guilmeau, 2014], kox = 1.4 W·K-1 m-1, kSi = 50 W·K-1 m-1) we find that the critical 
temperature in the centre of the nanoribbons is ~ 400 ± 50 °C (Figure 4.15). 

 

1.4.3 Thermogravimetric analysis and mass spectroscopy 

In order to reach a deeper understanding of the stability and the plausible gen-
eration of defects in TiS3 at the temperatures reached right before breakdown, a 
thermogravimetric coupled to mass spectrometry analysis is performed in bulk 
TiS3 both under Ar or O rich atmosphere (measurements performed by MIRE 
group, Universidad Autónoma de Madrid, Spain). The thermogravimetric analysis 
(TGA) of TiS3 in an O rich atmosphere shows a total mass release of 36% from 
room temperature up to 650ºC (Figure 4.16).  

Figure 4.15 Calculated temperature distribution at breakdown along four TiS3 nanoribbons-
based devices using the 1D heat equation. The zero position (dashed grey line) corresponds to the 
center of the nanoribbon, while the -250 nm and 250 nm correspond to both source and drain 
electrodes edges. The highest temperature is reached in the center of the device and oscillates 
between 350 °C and 450 °C. 
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Two events in the TGA analysis related to the mass release can be distin-
guished: one event occurs in a temperature range between 300 ºC and 400 ºC, ex-
hibiting an important mass release of ∼18% related to the presence of O2, and the 
second event occurs in a temperature range between 450 ºC and 550 ºC, with a 
remarkable mass release of ∼18%. The total amount of mass released, as well as 
the stoichiometry ratio of the decomposed sample (S/Ti = 1.9 ± 0.1) obtained by 
energy-dispersive X-ray spectroscopy (EDX) measurements, indicate that TiS3 is 
almost fully decomposed into TiS2, in agreement with previously reported studies 
[Haraldsen, 1963]. In fact, mass-spectrometry (Figure 4.17) confirms that O2 is 
starting to be consumed during this event, supporting a reaction between TiS3 and 
molecular O that forms an oxysulfide (TiS3-xOx) as an intermediate step on TiO2 
formation [Basu, 1985]. This is also observed when the TGA is performed in Ar 
(inset of Figure 4.16a), meaning that even a small amount of O2 that could be 
adsorbed on the TiS3 surface can trigger the reaction. Higher temperatures lead to 
the decomposition of the remaining TiS3 into TiS2 as confirmed by X-ray diffrac-
tion analysis (XRD). XRD-Pattern shows the decomposition of the initial mono-
clinic TiS3 (Figure 4.18a, red line) into two crystalline phases (Figure 4.18a, blue 
line):  

Figure 4.16 (a) Thermogravimetric analysis of bulk TiS3 in oxygen atmosphere. Inset: Thermo-
gravimetric analysis of bulk TiS3 in Ar around the first event. (b) Thermogravimetric curves ob-
tained at different heating rates of TiS3 under argon atmosphere. 
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hexagonal titanium disulphide 
(TiS2), and titanium dioxide 
(TiO2, anatase and rutile), sup-
porting the reaction of O2 with 
TiS3. 

The activation energies ob-
tained from the non-isothermal 
Kissinger method [Kissinger, 
1957] (Figure 4.18b) using the 
TGA measurements shown in 
Figure 4.16 are Ea,1 = 1.5 eV for 
the first event in the TGA and Ea,2 
= 2.05 eV for the second event in 
the TGA. 

Figure 4.18 (a) XRD pattern of TiS3 as-synthetized (blue line) and after thermal treatment (red 
line). (b) Kissinger plot and related activation energies of the two events.  

 

Figure 4.17 Ion current signal related to molecular 
oxygen (m/q = 32) during thermal decomposition of 
TiS3. At 350 ºC and 550 ºC we observe an increase of 
the oxygen consumption which is related to the reac-
tion between oxygen and TiS3.  
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1.4.4 Density functional theory calculations 

DFT calculations related to the loss of S and the influence of O in the transfor-
mation from TiS3 into TiS3-xOx have been performed trying to model the experi-
mental results (the calculations were performed by Prof. Juan José Palacios’ group, 
Universidad Autónoma de Madrid, Spain).  On the basis of the DFT calculations, 
several active desorption processes that may take place at the experimental tem-
peratures are identified (Figure 4.19): (a) desorption of S atoms, (b) desorption of 
S atoms due to the interaction with O atoms in the form of SO molecules that leads 
to the creation of a mono-vacancy, and (c) creating a di-vacancy. In order to quan-
titatively study these desorption and adsorption processes, a 3x3 supercell with 72 
atoms is used, as shown in Figure 4.19. 

The first process to be considered is the viability of the oxidation of TiS3 sur-
face (before evaluating the three processes mentioned above). To that matter, the 
binding energy of an O atom adsorbed on an S atom from the equation Eb = 
1/NO[ETiS3+O – (ETiS3 + NOEO2/2) , where NO is the number of O atoms in the super-
cell used in the calculation, ETiS3+O is the total energy of  O-doped TiS3, ETiS3 is the 
total energy of pristine TiS3 and EO2 is the total energy of the O2 (triplet state) 
molecule. The obtained binding energy is -3.74 eV, for a minimum concentration 
of one O atom per supercell, which is in good agreement with previous theoretical 
work [Haraldsen, 1963]. According to the definition above, a negative Eb indicates 
that the chemisorption is exothermic (energetically favoured) for all possible con-
centration values.  Except for the minimal concentration, the binding energy Eb 

does not appreciably change with this or with the actual distribution of O. The 
actual dissociation of O2 and accompanying adsorption is an activated process, but 
the activation energy is smaller than the experimental temperatures for all the paths 
explored (not shown). 
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 Since the oxidation of the surface is favorable, the possibility of desorption of 
SO pairs is now taken into account. The formation energies of the vacancies were 
obtained from Ef = Ev – EM + EA, where EA is the energy of the removed isolated 
atom/pair (S/SO), and EM and Ev are the total energies of the defect-free and the 
vacancy-containing layer. The different processes are represented in Figure 4.19, 
which also depicts the initial (side view) and final (top view) structures.  The for-
mation energy of an S-vacancy is 3.33 eV (Figure 4.19a) and the structure clearly 
shows locally reconstructed bonds with the nearest Ti atoms with a bond length of 
2.31 Å. The formation energy is almost as high as the energy needed to desorb an 
O atom from S (3.67 eV), thus both processes are excluded from the simulations 
since they are not active at the experimental temperatures. The energy needed to 
remove a SO pair from the 50 % oxidized surface is however much lower: 1.50 eV 
(Figure 4.19b). After the relaxation, the two nearest neighbor SO-pair present a 
small distortion around the vacancy, which translates into a formation energy that 
increases to 1.63 eV when creating a second SO vacancy next to an existing one 
(not shown). The energy to remove the second SO pair from the same (bridge) site 

Figure 4.19 Artistic drawing of the different process considered in the DFT calculations. (a) S 
atoms desorption from the surface. (b) SO pairs desorption from the surface, creating a mono-
vacancy. (c) SO pairs desorption from the surface, creating a di-vacancy. 
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to create a di-vacancy (Figure 4.19c) is 2.72 eV.  These results are in good agree-
ment with the activation energies obtained from the non-isothermal Kissinger 
method mentioned in the previous section, where the obtained activation energy 
for the first event in the TGA, i.e., SO-vacancy formation, is Ea,1 = 1.5 eV. 

For investigating the dynamics of S desorption from the surface of single layer 
TiS3, an object kinetic Monte Carlo (OKMC) algorithm that includes a total of 4 
events has been implemented. However, the event that denotes the formation of 
the S-vacancy in the single layer of TiS3 does not interfere in the desorption process 
due to its high activation energy (3.33 eV), yielding a higher probability for the 
desorption of the SO-pair, since it is more energetically favorable (1.50-1.63 eV).  
Thus, the events that actively participate in the desorption process are: SO mono-
vacancy with energies 1.50 and 1.63 eV (these events occur almost simultaneously 
due to the low energy difference between them) and SO di-vacancy (2.72 eV).  As 
a result, the  evolution of the relative desorption of SO (Δm) atoms on the surface 
of the TiS3 first layer as function of  temperature is shown in Figure 4.20, and for 
the respective time measurement: 1 minute, 5 minutes and 10 minutes. It is observe 
that the population of SO atoms on the surface start to decrease after ≈ 200 °C and 
that this first process (creation of mono-vacancies) occurs until ≈ 300 °C. The for-
mation of di-vacancies occurs in the temperature range of 500 °C to 650 °C. 
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Figure 4.20 Calculated evolution of the relative desorption of SO (Δm) atoms on the surface 
layer of TiS3 as a function of the temperature for different time rates: 1 minute (light blue), 5 
minutes (medium-dark blue) and 10 minutes (dark blue). 
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2 TiO2 nanofibers 

 TiO2 is a wide bandgap semiconductor (3.11 eV [Scanlon, 2013]) with high 
response to UV radiation. This high response makes TiO2 a great candidate for 
UV-photodetectors and other promising applications in photocatalysis, solar cells 
or gas sensors [Kopidakis, 2003; Wu, 2004; Xue, 2007; Kong, 2009; Yangang, 
2010; Zou, 2010; Wang, 2011; Li, 2013; Hou, 2014; Chong, 2015]. Moreover, 
from the synthesis point of view, TiO2 results especially relevant because of the 
different synthetic methods that can be employed to obtain this material. For in-
stance, TiO2 UV photodetectors fabricated by sol-gel, potentiostatic anodization or 
radio-frequency magnetron sputtering have been recently demonstrated [Xue, 
2007; Huang, 2010; Zou, 2010]. The best photodetector performances reported for 
a wavelength of 375 nm are close to ~ 25 A/W, with response times in the order of 
6 s to 15 s [Xue, 2007]. In this work we present UV-photodetector devices based 
on individual electrospun TiO2 nanofibers transferred onto pre-patterned elec-
trodes. 
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2.1 Structure 

TiO2 presents four different naturally occurring polymorphs: anatase (tetrago-
nal structure), rutile (tetragonal structure), brookite (orthorhombic structure) and 
TiO2 (B) (monoclinic) [Carp, 2004]. The TiO2 samples presented in this chapter 
consist mainly of the anatase structure, although the rutile structure will be also 
mentioned, therefore, we will focus in this section on the anatase and rutile struc-
tures. 

Rutile TiO2 is a really stable phase with a distorted tetragonal structure con-
taining 6 atoms per unit cell (Figure 3.21a) [Meagher, 1979]. In anatase TiO2 (Fig-
ure 3.21b) the tetragonal structure has a larger distortion than the rutile one , but 
it is usually more stable [Gupta, 2011]. The anatase phase exhibits a higher photo-
activity than rutile and a larger bandgap, increasing the oxidation capability of 
electrons and facilitating electron transfer from TiO2 to adsorbed molecules 
[Luttrell, 2014]. This aspect of anatase TiO2 will be of great interest in the study 
of UV-photodetectors. 

Figure 3.21 (a) TiO2 crystal structure of the rutile phase containing 6 atoms in a distorted tetrag-
onal structure. (b) TiO2 crystal structure of the anatase phase with a larger distorted structure than 
rutile. 
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2.2 Characterization 

2.2.1 Synthesis 

The TiO2 nanofibers studied in this thesis are produced by a combination of 
electrospinning and sol-gel (carried out by Dr. Juan Jose Vilatela’s group, IMDEA 
Materials, Spain) [Moya, 2015]. A polymer solution of PVP (polyvinylpyrroli-
done, 10%wt.) in ethanol is mixed with an alcoholic solution of metal precursor 
(titanium ethoxide, 63%wt.) and acetic acid as catalyst of the sol-gel reaction. After 
reaching a homogeneous solution, it is loaded into a syringe placed in the electro-
spinning set-up (Nanon 01A, MECC CO., LTD.). A continuous mesh of fibers is 
collected at 10 cm distance from the tip and using an applied voltage of 18 kV and 
2 mL/h of flow rate. The polymer coating is removed by pyrolysis in air at 400 °C 
for 2.5 h and crystallisation carried out by annealing in an Ar atmosphere at 500 
°C for 1 h. 

The nanofiber structure consists in a mesoporous network of well-ordered TiO2 
nanocrystals and presents two main features different from standard TiO2 produced 
by sol-gel, namely, the use of the polymer keep the titanium sol unit which accel-
erates the crystallisation and the anatase-to-rutile phase transformation, creating 
tight interfaces between the TiO2 nanocrystals and the annealing in inert atmos-
phere produces oxygen vacancies. Both phenomena, interfaces and vacancies, fa-
cilitates the creation of internal junction with new electronic states that could trap 
electrons and ultimately increase lifetime and diffusion coefficients of charge car-
riers in the material. 
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2.2.2 SEM and TEM 

Figure 4.22a shows an scanning electron microscopy (SEM) image of an array 
of electrospun TiO2 nanofibers with average diameter of 200 nm. Each fiber con-
sists of an aggregated network of TiO2 nanocrystals with average size of 12 nm 
that form a high-surface area mesoporous continuous structure (Figure 4.22b). 
High magnification transmission electron micrographs (HMTEM) show the tight 
interfaces between adjacent nanocrystals, resembling grain boundaries (Figure 
4.22c). The interconnection of crystalline domains in a continuum, a consequence 

Figure 4.22 (a) Scanning and (b-c) transmission electron micrographs of the mesopororous fiber 
structure formed by interconnection of TiO2 nanocrystals. 
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of the synthetic route used, provides a conduction path with low resistance, at least 
compared to nanoparticles simply aggregated by weak interactions. 

2.2.3 X-ray diffraction and Raman spectroscopy 

X-Ray Diffraction (XRD) and Raman spectroscopy with a 532 nm-laser shows 
predominance of the anatase phase (Figure 4.23a and b). A small fraction of rutile 

Figure 4.23 (a) XRD pattern (the black lines indicate the anatase reflexions and the purple lines 
indicate the rutile reflexions) and (b) Raman spectra of TiO2 nanofibers showing predominantly 
anatase phase (anatase vibrational modes are highlighted in the figure). (c) UV-Vis diffuse reflec-
tance spectra shows absorption of TiO2 nanofibers in the UV range, below 400 nm. 
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is also detected, which forms due to the accelerated anatase-rutile phase transfor-
mation at the interface between nanocrystals [Moya, 2015], and is thus to some 
extent inevitable in these samples. UV-Vis diffuse reflectance spectra shows an 
absorption edge below 400 nm, confirming that the material absorbs only in the 
UV region (Figure 4.23c). The calculated bandgap following the Kubelka-Munk 
theory is 3.11 eV (398 nm), which is between those for bulk anatase and rutile 
[Scanlon, 2013]. 

 

2.3 UV-photodetectors 

The TiO2 nanofibers-based pho-
todetectors are fabricated by the de-
terministic transfer method ex-
plained in Chapter 2. A PDMS 
stamp is placed on the synthetized 
TiO2 thin film and peeled off fast, 
removing several TiO2 nanofibers. 
The individual nanofibers are iden-
tified on the PDMS by optical mi-
croscopy in transmission mode and 
selected in relation with their dimen-
sions (usually with 15 µm to 20 µm 
in length). Finally, the nanofiber is transferred between two pre-patterned Au/Ti 
electrodes. Figure 4.24 shows an SEM image of a fabricated device. The inset in 
Figure 4.24 shows a high resolution SEM image that enables accurate determina-
tion of the diameter of the specific fiber analysed (d = 500 nm).  

The optoelectronic characterization of the device have been carried out in the 
air-pressure probe station setup explained in Chapter 3. The light of a high power 
LED source (λ = 455 nm) is focused onto a spot of 200 µm in diameter on the 
sample. The power is measured with a silicon photodetector (Thorlabs meter 

Figure 4.24 SEM image a TiO2 fiber photodetec-
tor. Inset: zoom of the fiber. 
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power PM100D with sensor S120VC). Figure 4.25a shows a comparison of cur-
rent-voltage (IV hereafter) characteristics acquired in dark conditions and upon 
illumination with increasing light power (P). Interestingly, even in dark conditions 
the material is significantly conductive. At 10V, for example, it has a conductivity 
of ~ 6·10-4 S·m-1, which is high in comparison with other TiO2 photodetectors 
[Xue, 2007; Zou, 2010; Zheng, 2014]. This is due to the network of nanocrystals 
discussed above, but also indicates high doping through the presence of defects 
such as oxygen vacancies, a large surface and, possibly, residual carbon. 

 The upper inset of Figure 4.25a shows the absolute value of the IV character-
istics in logarithmic scale to facilitate the comparison between the different light 
powers. One can see how the ratio between the dark current and the current upon 
illumination can reach up to ~ 200 nA with an applied voltage of 10 V. The lower 
inset shows the photocurrent (Iph, difference between the current upon illumination 

Figure 4.25 (a) Current-voltage characteristics of the TiO2 photodetector shown in (a) in dark 
conditions and upon illumination with 455 nm wavelength with increasing LED power. Upper 
inset: the same current-voltage curves in logarithmic scale. Lower inset: photocurrent as a function 
of the LED power. (b) Photocurrent of the device shown in (a) as a function of the LED wave-
length. Inset: responsivity as a function of the LED wavelength. 
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and in dark conditions) as a function of the light spot power. For purely photocon-
ductance photogeneration mechanism (where each photon generates an electron-
hole pair that is separated by the applied voltage bias thus increasing the effective 
conductance of the device) one would expect a linear Iph vs. P trend. Our data, 
however, shows a sublinear trend that can be fitted to a power law Iph vs. Pα with 
α = 0.72. It has been shown how such a behaviour is observed for systems with a 
strong photogating effect, where the electrons (or holes) get immobilized in charge 
traps. The electric field generated by these charged impurities effectively dopes 
the material by electric field-effect, increasing the conductance of the sample, alt-
hough it can be also understood as an increase in the carriers lifetime due to the 
presence of trap states between the valence and conduction bands that delay the 
electro-hole recombination [Furchi, 2014]. Photogating effect typically results in 
a quantum yield higher than 1 but slow responsivities as the devices cannot re-
sponse faster than the lifetime of the charged traps. 

The photoresponse of the device at different wavelengths has been explored by 
using LED sources with different central wavelengths while fixing the incident 
power. Figure 4.25b shows the photocurrent generated upon illumination with 
light with different wavelengths (10 V, 15 W·m-2). The sharp increase at λ = 375 
nm matches very well with the absorption data shown in Figure 4.25b for a thin 
film of multiple fibers. Along the visible part of the spectrum, the response of the 
device is negligible compared to that in the UV, demonstrating its potential for 
applications requiring transparent materials. In order to facilitate the comparison 
between different photodetectors, it is common to use the responsivity, defined as 
R = Iph/Peff, where Peff is the effective power reaching the device and is calculated 
as Peff = Plaser · Adev / Aspot, (Adev is the surface of the device that “sees” the light and 
Aspot is the total area of the LED spot reaching the device). The inset in Figure 
4.25b shows the responsivity as a function of the LED wavelength in logarithmic 
scale to facilitate the comparison between the UV and the VIS part of the spectrum. 

The response time of our TiO2 device is characterized by modulating the in-
tensity of the LED source with a square signal (frequency 100 mHz). Figure 4.26 
shows the photocurrent vs. time measured with different maximum illumination 
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power. The response rise time of a photodetector is defined as the time difference 
between 10% and 90% of the maximum photocurrent, the fall time is defined in 
the opposite way. From Figure 4.26 we obtain a rise time of 2.5 s and a fall time 
of 10 s. This relatively slow response time points again towards photogating as the 
main generation mechanism. Interestingly, the device also shows a fast response 
occurring in the first 100 ms after the illumination is turned on/off. Therefore, it 
seems that the most likely scenario is a combination of different photocurrent gen-
eration mechanisms where photogating plays a more important role. In the Appen-
dix B we show the optoelectronic characterization of more TiO2 nanofiber-based 
photodetectors. 

Comparison with some state-of-the-art UV-photodetectors (Table 4.1) yields 
a very good performance of our TiO2 nanofibers-based photodetectors, which 
show high responsivity and short response time for a wavelength close to the ab-
sorption limit of TiO2 (λ = 375 nm). Therefore, electrospun TiO2 photodetectors 

Figure 4.26 Time response of the photodetector shown in Fig. 2 upon illumination with 455 nm 
wavelength with increasing LED power. In order to highlight the photocurrent, the dark current 
has been set to 0. The measured rise time is ~ 2.5 s and the fall time is ~ 10 s. 
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present themselves as great candidates for UV-photodetection with high sensitivity 
and fast response. 

Table 4.1 Nanowire-based UV-photodetectors figures of merit 

Material Vds 

(V) 

λ (nm) Responsivity 

(A/W) 

Rise time 

(s) 

Ref. 

ZnO 1 365 - < 1 [Kind, 2002] 

SnO2 0.1 325 321 ~ 100 [Lin, 2008] 

SnO2 1 

 

320 

375* 

~105 

~ 5·103* 

~ 50 

- 

[Hu, 2011] 

V2O5 1 450 482 - [Zhai, 2010] 

WO3 10 375 - ~ 100 [Li, 2011] 

TiO2 5 250 

375* 

889.6 

2* 

13.34·10-3 

- 

[Xue, 2007] 

TiO2 10 375 90 2.5 This work 

Table 1. Comparative table with the figures-of-merit of different UV-photodetectors based 
on metal oxides in thin film morphology and nanowires. The values marked with * are not 
explicitly given in the main text of the manuscripts and have been either extracted from 
plots present in the manuscripts or calculated with the values listed in them 

 

2.3.1 Photogeneration mechanisms 

To further understand the photogeneration mechanisms working in our TiO2 
photodetectors, we perform the optoelectronic characterization of a photodetector 
in air and in vacuum. In dark conditions and vacuum (P = 7·10-6 mbar) the device  
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has significantly higher conductance (~ 50%) than in air (Figure 4.27a). This is 
generally attributed to the presence of oxygen molecules adsorbed on the TiO2 
surface that dope the material surface with holes and thus trap free electrons from 
the conduction band (O2 (g) + e¯ → O2¯ (ad)), reducing the conduction of the de-
vice [Kind, 2002; Yu, 2003; Zou, 2010], therefore, in vacuum the conductivity is 
higher than in air because the amount of adsorbed oxygen is smaller. On the other 
hand, when the photodetector is illuminated, see that the time response of the ma-
terial is strongly dependent on the atmospheric conditions: in vacuum the rise/fall 
times have values of 23 s / 185 s (Figure 4.27b), while in air is much faster (1.5 s 
/ 7.8 s) (Figure 4.27c).  

Figure 4.27 (a) Current as a function of time in a TiO2 nanofiber photodetector in dark condi-
tions both in vacuum (white area) and in air (purple area) with an applied voltage of Vb = 10 V. 
The current in air is 50% lower than in vacuum. (b) Photocurrent of the same device as in (a) in 
vacuum. (c) Photocurrent of the same device as in (a) and (b) in air. The photocurrent in air is 
60% higher than in vacuum, and the response time are much faster. 
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The slow time response in vacuum has also been observed by Zou et. al. [Zou, 
2010], who attribute the long-time decay process to the suppression of oxygen 
readsorption, although it is not completely clear. 

 

2.3.2 Polarization sensitivity 

Another interesting aspect of light absorption in photodetectors based on elon-
gated semiconducting nanomaterials, such as nanowires or nanofibers, is that they 
usually exhibit polarization sensitivity to the exciting light [Wang, 2001; Cao, 
2009; Guo, 2015]. In a nanowire with a radius comparable to the incident light 
wavelength, the optical absorption is dramatically determined by the polarization 
of the incident light, being higher for light with polarization parallel to the nan-
owire than for perpendicular polarization [Ruda, 2006], since photocurrent linearly 
depends on the absorption, it will also be polarization-dependent. We have studied 
the polarization sensitivity in TiO2 nanofibers-based photodetectors by varying the 
polarization of the incident light (linearly polarised within the sample plane) with 
a constant angular frequency (0.07 rad/s) while the photocurrent was recorded 
(Figure 4.28). We extract the polarization anisotropy, defined as ρ = (I|| - IⱵ) / (I||+ 
IⱵ), where I|| and IⱵ are the photocurrent with incident light polarised parallel or 
perpendicular to the main axis of the fiber, respectively, obtaining ρ = 12% ± 2%. 
This emphasises the 1-dimentional character of electrospun TiO2 and suggests its 
potential use as polarization-sensitive photodetector. 
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Figure 4.28 (a) Photogenerated current in a TiO2 nanofiber photodetector as a function of light 
polarization (455 nm, 75 mW·cm-2) with respect to the longitudinal direction of the fiber, i.e., 0° 
means that the light is polarized parallel to the fiber and 90° means that it is perpendicular. The 
blue circles represent the experimental data, while the red line represents a sinusoidal curve su-
perposed to the experimental data. (b) The same data as in (a) in polar coordinates. 
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3 Conclusions 

The content of this chapter has been dedicated to the study of one-dimensional 
systems consisting either in nanoribbons or nanowires. In the first section we stud-
ied TiS3, a layered material with nanoribbon-like shape which can be exfoliated 
down to a few layers. We first study the electronic and optical bandgap of layered 
TiS3 ribbons by combining STS at room temperature and photoelectrochemical 
measurements, finding values of 1.2 eV for the electronic bandgap and 1.07 eV for 
the optical bandgap. We also estimate the exciton binding energy of TiS3 ribbons 
as the difference between the two measured bandgaps, obtaining a value of 130 
meV. These experimental results are in good agreement with the ones obtained by 
RPA and BSE calculations, 1.15 eV for the electronic bandgap, 1.05 eV for the 
optical bandgap and 100 meV for the exciton binding energy. The exciton binding 
energy of TiS3 ribbons is 1-2 orders of magnitude larger than that of common 
semiconductors like silicon, germanium or gallium arsenide, and comparable to 
bulk TMDCs, making it a prospective material for optical spectroscopy 
experiments at room temperature. 

We have also measured the maximum current density in TiS3 nanoribbons-
based FETs by inducing electrical breakdown in the devices, funding a maximum 
value of 1.7 ∙ 106 A/cm2, which is higher than the maximum current density in 
many other semiconducting low-dimensional materials. We have studied the ther-
mal mechanisms that may be involved in the electrical breakdown by TGA meas-
urements in thin films, as well as by DFT calculations, finding that the creation of 
vacancies due to the oxidation of the material and the subsequent desorption of 
sulfur atoms could trigger the degradation and therefore the breakdown of the ma-
terial in FETs. This results do not only make TiS3 a prospective material for high 
power nanoelectronics requiring to stand high current densities, but also provide 
some insight into the thermal mechanisms occurring in nanostructured devices 
based on this material. 
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Finally, we have studied the photoresponse of single electrospun TiO2 nano-
fiber-based photodetectors in a wide range of the electromagnetic spectrum (from 
375 nm to 1050 nm), finding a good performance in the UV with responsivity 
values up to 90 A·W-1 with an applied voltage of 10 V with 375 nm wavelength 
and a power density of 15 W·m-2. The photodetectors show a time response to the 
incident light of ~ 5 s, as well as polarization sensitivity with an anisotropy ratio 
of 12%. Dark current measurements show TiO2 nanofibers to have a very high 
conductivity, reminiscent of the synthetic process used and which leads to the for-
mation of a 1-dimensional mesoporous network of interconnected crystalline do-
mains. Work is in progress to determine the relative contributions of low internal 
resistance and vacancies to their transport properties. The fibers have relatively 
large surface area and are thus sensitive to adsorbed O2, which acts as electron 
scavenger and reduces conductivity compared to vacuum. However, adsorbed O2¯ 
ions trap photogenerated holes and thus, both photocurrent and response speed are 
higher in air. The excellent performance of our nanofiber TiO2 devices above state-
of-the art TiO2-based photodetectors, combined with the simplicity of the synthesis 
method based on sol-gel and electrospinning, makes these nanofibers strong can-
didates for UV light detection. 
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5 
TWO-DIMENSIONAL SYSTEMS 

Two-dimensional materials consist of crystals with strong in-plane interaction 
between the atoms in the ab plane but a weak out-of-plane interaction in the c 
direction. These materials grow in their bulk form in a layered-like structure in 
which the layers interact by van der Waals forces between each other, making it 
possible to mechanically exfoliate them and thus isolate single layers with a high 
surface to volume ratio, since the lateral dimensions (usually tens or hundreds of 
micrometers) are thousands of times higher than the thickness (usually between 1 
and tens of nanometers). These structures present really interesting properties and 
physical phenomena that are not present in bulk materials such as high carrier mo-
bility, transparency, flexibility or lack of short channel effects in devices. These 
properties make two-dimensional materials great candidates for high performance 
electronics and optoelectronics. 

In this chapter we will study two-dimensional systems that consist of two or 
three terminal devices in which the channel length is a two-dimensional semicon-
ductor obtained either by mechanical exfoliation or chemical vapor deposition syn-
thesis. We will study their physical properties, like their band structure, as well as 
their application in field-effect devices or optoelectronic devices. 
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1 Ultrathin MoO3 

Molybdenum trioxide nanosheets (MoO3) has been recently isolated by me-
chanical exfoliation of bulk α-MoO3  layered crystals [Kalantar-zadeh, 2010]. 
MoO3 is a relatively low-bandgap oxide (>2.7 eV) very  attractive for applications 
requiring a transparent material in the  visible part of the spectrum [Bouzidi, 2003], 
and for devices such as field effect transistors and photodetectors [Balendhran, 
2013a; Balendhran, 2013b; Xiang, 2014]. 

In this section we are going to extensively characterize the ultrathin MoO3, 
grown by the method explained in Chapter 2, employing different techniques such 
as X-ray photoelectron spectroscopy (XPS), low energy electron diffraction 
(LEED) and microscopy (LEEM), Raman spectroscopy, transmission and absorp-
tion spectroscopy, scanning electron microscopy (SEM) and high-resolution trans-
mission electron microscopy (HRTEM), showing that the resulting material is of 
high quality. We also present the first calculations of the band structure of MoO3 
by density functional theory (DFT), finding that the bulk material shows a similar 
band structure to that of the ultrathin material. We employ the grown MoO3 crys-
tals to fabricate UV-photodetectors (as explained in Chapter 2), demonstrating 
that our synthesis and transfer method enables the fabrication of large-area devices. 
Finally, the grown MoO3 crystals are also used as an electron acceptor in a me-
chanically exfoliated MoS2-based field-effect transistor to create an open circuit 
voltage [Molina-Mendoza, 2016]. 
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1.1 Crystal structure 

 MoO3 is a layered semiconductor with a crystal structure that belongs to the 
space group Pbnm with the unit cell parameters listed in Table 5.1 (JCPDS file: 
05-0508). α-MoO3 consists of the stacking of double-layers (ab (001) and bc (100) 
projections illustrated in Figure 5.1a and b, respectively) in the c [001] direction 
with a thickness of 1.386 nm. The layers are held together by van der Waals forces 
to form the bulk material in a layered structure (Figure 5.1c), making it possible 
to either exfoliate and deposit or synthetize the material on a substrate with van 
der Waals interaction. 

 
 

Figure 5.1 (a) ab plane projection of the MoO3 monolayer crystal structure. (b) bc projection of 
the MoO3 crystal structure. MoO3 layers stack in the c direction interacting by van der Waals 
forces. The dashed black line indicates the ab plane where the interaction is via van der Waals 
forces and the dashed blue line indicates the unit cell. (c) Bulk stacking of the MoO3 layers shown 
in (a) and (b). 
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Table 5.1. MoO3 lattice parameters. 
 
Material dimension a (Å) b (Å) c (Å) 
Bulk 

Theoretical:  
PBEsol 

PBEsol+ vdW [Grimme, 2006] 
Experimental: 

 
 

3.89 
3.83 
3.96 

 
 

3.66 
3.67 
3.72 

 
 

14.84 
13.25 
13.86 

Monolayer  
Theoretical 

PBEsol 
PBEsol + vdW [Grimme, 2006] 

 
 

3.88 
3.85 

 
 

3.65 
3.64 

 
 
- 

 

Table 5.1. MoO3 lattice parameters for both bulk and monolayer. Theoretical results are compared 
with previously reported experimental values [Negishi, 2004; Sitepu, 2009]. Note that van der 
Waals correction has a sizable influence in the c parameter in the bulk structure, as has previously 
shown in Ref.[Ding, 2012]. In comparison, in monolayer calculations the effect of Van der Waals 
correction is negligible, due to the stronger bond within the layers. 
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1.2 Characterization 

1.2.1 SEM and HRTEM 

 In Figure 5.2 we show SEM (Figure 5.2a and b) and HRTEM (Figure 5.2c) 
images of ultrathin MoO3 extended layers transferred to a TEM grid. The measured  

Figure 5.2 (a) SEM micrograph of several layered ultrathin MoO3 crystals deposited on a TEM 
grid. (b) Zoom in on the area marked with a white square in (a) showing a ultrathin MoO3 crystal. 
(c) Representative HRTEM of the MoO3 ultrathin layers. The atomic distances and 2DFFT (inset) 
are consistent with an orthorhombic α polymorph. 
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atomic distances, together with the two-dimensional fast Fourier transform 
(2DFFT) shown in the inset of Figure 5.2c, are consistent with the orthorhombic 
α polymorph of the MoO3.  

1.2.2 XPS and Raman spectroscopy 

XPS measurements were performed on the material transferred to an evapo-
rated Au substrate in order to avoid possible charging effects during the measure-
ments (carried out by Dr. Miguel Ángel Niño Ortí, IMDEA Nanociencia, Madrid, 
Spain).  Figure 5.3a shows the spin-orbit split Mo 3d core level, fitted with a single 
doublet. The binding energies for Mo 3d5/2 and Mo 3d3/2 are 232.8 and 236.0 eV, 
respectively, in agreement with the reported values for molybdenum in the state 
Mo6+ [Simchi, 2013; Baltrusaitis, 2015], and clearly different from the binding en-
ergy and line shape of Mo 3d in MoO2. These values, and the absence of other 
components in the Mo 3d core level, indicate the growth of molybdenum oxide in 

Figure 5.3 (a) XPS spectrum of Mo 3d. The blue curve represents the experimental data, while 
the black lines represent the fitted curve for each peak. The sum of the fitted curves for the two 
curves is represented as a red line, while the background is represented by the pink dashed line. 
(b) Raman spectra acquired in the extended layer of Figure 5c. The different frequency regions 
are attributed to Mo-O stretching (1000-660 cm-1), Mo=O bending (470-280 cm-1) and Mo-O-Mo 
deformation modes (250-100 cm-1). 
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a single chemical phase identified as MoO3. From an overall XPS spectrum of the 
sample we only find Mo, O, C (from atmospheric adsorbates) and Au (from the 
substrate).  

To further characterize the crystal structure of the grown material, we perform 
Raman spectroscopy measurements (λexc = 633 nm, Figure 5.3b) on a large-scale 
MoO3 layer transferred to SiO2. We observe peaks in the region from 1000 to 660 
cm-1, which are attributed to Mo-O stretching, peaks in the region from 470 to 280 
cm-1 (Mo=O bending), and peaks in the region from 250 to 100 cm-1 (Mo-O-Mo 
deformation modes) [Mestl, 1998; Taka-aki, 2015]. Raman spectra allows to easily 
distinguish MoO3 from MoO2 as they present differing resonance peaks [Spevack, 
1992]. The XPS and Raman spectra give a clear proof that the grown material is 
pure α-MoO3.  

1.2.3 Optical microscopy and LEED 

The relative orientation of the grown MoO3 crystals have been studied by di-
rectly measuring the angle between the elongated directions of different crystals in 
optical microscopy images like the one shown in Figure 5.4a. Figure 5.4b shows 
a histogram of the angle formed by 68 elongated MoO3 hexagons with respect to 
the horizontal line, shown as a pink dashed line in Figure 5.4a, resulting in two 
main angles: -10˚ and 50˚, indicating that crystals grow in directions which form 
an angle of ~60˚ between them. These results are compared with micro low energy 
electron diffraction (LEED) measurements, performed in a low energy electron 
microscope (LEEM) after annealing at 475 K in order to desorb contaminants (car-
ried out by Dr. Miguel Ángel Niño Ortí, IMDEA Nanociencia, Madrid, Spain). 
After this annealing the geometry and shape of the crystallites remain unaffected 
as checked from the electron microscopy images. Using an aperture to perform 
selected area diffraction we can choose a single molybdenum oxide crystal for 
LEED. All MoO3 crystallites studied have a LEED pattern of rectangular sym-
metry (Figure 5.4c), indicating a surface with a good degree of crystallinity, alt-
hough some of them have an oblique lattice distortion of 6º with respect to a rec-
tangular shape. We observe that some of the LEED patterns appear rotated by an 
angle of 58º with respect to the others (Figure 5.4c and Figure 5.4d), in good 
agreement with the 60º obtained from the optical images measuring the growth  
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directions on the mica substrate. The ratio of the in-plane reciprocal lattice param-
eters obtained from the LEED pattern is a/b =1.22 in main directions, while from 
the other direction (rotated 58º) the ratio is 1.16, consistent with the orthorhombic 
α polymorph. This experimental ratio for the surface lattice is larger than the bulk 
value of a/b=1.06.  This enhanced in-plane anisotropy could be due to the interac-
tion with the underlying mica substrate during growth, but a detailed analysis of 

Figure 5.4 (a) Optical microscope image of MoO3 crystals grown on mica and transferred to 
SiO2. The dashed yellow lines represent the two main directions followed by the crystals during 
growth. (b) Histogram of the angle between the elongated directions followed by MoO3 crystals 
and the horizontal directions (pink dashed lines in (a)). The two main angles are 50˚ and -10˚, i.e., 
forming an angle of 60˚ between the two directions. (c) and (d) Micro-spot LEED pattern (E=50 
eV) of different MoO3 crystals on the surface. 
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this observation should be carried out in future works as it falls out of the scope of 
the present manuscript. 

 

1.3 Band structure 

The optical properties of the grown material have been investigated by absorp-
tion spectroscopy measurements as well as density functional theory (DFT) calcu-
lations of the band structure (performed by Dr. Joaquín Fernandez-Rossier’s 
group, International Iberian Nanotechnology Laboratory, Braga, Portugal). For the 
absorption spectroscopy measurements, the as-grown MoO3 layer is transferred to 
a quartz substrate (selected because of its high transparency in the VIS-UV range), 
which has also been measured prior to MoO3 deposition (Figure 5.5). The spec-
trum shows a sudden drop to almost cero absorption for energies lower than 2 eV 
(wavelengths larger than 620 nm), meaning that the material remains transparent 
for visible light but absorbs in the UV. The inset of Figure 5.5 shows the trans-
mission spectra of the as-grown material on mica, in good agreement with the ab-
sorption spectra acquired on quartz. These results indicate that the bandgap of the 
material should be between 2 eV and 3 eV. 

Figure 5.5 Absorption spectra of MoO3 crystals transferred to a quartz substrate. Inset: trans-
mission spectra of as-grown MoO3 crystals on mica. For energies lower than 2 eV the absorption 
is almost negligible. 
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In order to get a deeper insight on the material bandgap, we compare the optical 
absorption measurements with density functional theory (DFT) calculations of 
both bulk and monolayer MoO3. The structural relaxations, obtained using the 
PBEsol functional, yield in-plane lattice constants within 2% error with respect to 
the bulk experimental values (see Table 5.1) [Negishi, 2004; Sitepu, 2009], and a 
negligible difference between bulk and monolayer structures. Electronic structures 
calculations carried out over the relaxed structures were calculated using the Tran-
Blaha modified Becke-Johnson (TBmBJ) scheme, yielding similar band structures 
between monolayer and bulk.  This is indeed confirmed by the calculations of the 
band structure, using the TB-mBJ functional that correctly describes the band gap 

of a wide variety of insulators [Tran, 2009] (see  Figure 5.6a for bulk MoO3 and 
Figure 5.6b for the monolayer). Both for bulk and monolayer, an indirect (M-
Gamma) bandgap of 2.2 eV and a higher energy direct gap at Gamma point of 3.3 
eV are obtained. Therefore unlike most studied 2D semiconductors, where the re-
duction of the thickness is usually followed by a sizeable increase of the bandgap 

Figure 5.6 (a) Calculated band structure for bulk MoO3 and (b) monolayer crystal. The calcu-
lated optical bandgaps are 2.2 eV (indirect) and 3.3 eV (direct). The special points are defined as 
X1 = b1/ 2, X2 = b2/2 and M = (b1+b2)/2, where b1 and b2 are the reciprocal lattice vectors of bulk 
(monolayer) MoO3. 



 

-1 Ultrathin MoO3- 

199 

5 
 

due to quantum confinement in the out-of-plane direction, bulk MoO3 has a mon-
olayer-like band structure. 

DFT calculations were performed using Quantum Espresso [Giannozzi, 2009] 
and Elk [Elk]. Structures for bulk and monolayer MoO3 were fully relaxed with 
Quantum Espresso with PAW pseudopotentials and PBEsol [Perdew, 2008] ex-
change correlation functional. With the relaxed structures, all electron calculations 
were performed with Elk, using the TB-mBJ potential [Tran, 2009], specially suit-
able for accurate bandgap calculations.  

In order to compute optical absorption, the optical conductivity of MoO3 is 
computed using the Random Phase Approximation (RPA) in the q→0 limit, start-
ing from the TB-mBJ potential calculation.  The resulting optical spectra (plotted 
in Figure 5.7a) shows the same trend as the band structure calculations, i.e., there 
is no much difference in the optical absorption between monolayer and bulk at this 
level of approximation. The analysis of the density of states (Figure 5.7b) shows 
that the lowest optical transitions involve excitations from the top of the valence 
band, with a dominant weight in oxygen p orbitals, to the bottom of the conduction 
band which formed mainly by Mo d orbitals. 

Figure 5.7 (a) Calculated optical absorption for both monolayer and bulk MoO3. (b) Calculated 
optical conductivity for both monolayer and bulk MoO3 in agreement with Ref.[Scanlon, 2010]. 
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1.4 Large-scale UV-photodetectors 

In order to explore the potential applications of the grown MoO3 crystals for 
large-area devices we fabricate and study field-effect devices based on extended 
MoO3 layers transferred onto a 285 nm thick SiO2 substrate. The fabrication of 
these devices is explained in Chapter 2. The fabricated devices result in electrodes 
separated by 10 µm from each other, yielding large area (110 x 10 µm2) MoO3-
based devices. Note that the area of our MoO3-based devices is up to 2000 times 
larger than the area of previously reported MoO3 devices [Balendhran, 2013a; 
Xiang, 2014]. Figure 5.8a and Figure 5.8b show both optical microscope and 
AFM topographic images of one of these devices in which the area between the 
two electrodes is completely covered by a very thin layer of MoO3 (~1.4 nm - 6 
nm). The field-effect characteristics of the device are determined in combination 
with photocurrent generation of the device upon illumination with a 405 nm wave-
length laser. Figure 5.8c shows the transfer curves of the device shown in Figure 
5.8a and Figure 5.8b in dark conditions and under illumination at an applied 
source-drain voltage (Vbias) of 500 mV.  The inset shows the current-voltage char-
acteristics at an applied back-gate voltage of +40V (estimated resistivity of 
~165·10-3 Ω·m). There is a weak dependence of the drain current with the back-
gate voltage (small ON/OFF ratio), which indicates a high n-doping (MoO3 is well-
known to be a good electron acceptor used for surface p-doping) [Chen, 2010; 
Russell, 2013]. We calculate the photocurrent (Iph) as the difference between the 
current measured in dark conditions and upon illumination. From the photocurrent 
we can calculate the responsivity, plotted in Figure 5.8d, of the device as R = Iph / 
Peff, where Peff = 14 µW is the effective power of the laser that arrives at the device 
(Peff = Plaser·Adevice/Aspot). The responsivity is a typical figure-of-merit for photode-
tectors and represents the input-output gain of the device: the amount of photocur-
rent produced given the effective power of the laser. The maximum measured re-
sponsivity value is 30 mA·W-1 at an applied source-drain voltage of 500 mV, in 
good agreement with the values reported for MoO3 small area devices 
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[Xiang, 2014; Zheng, 2015]. Although other 2D materials have demonstrated 
higher responsivities in the UV (19.2 A·W-1 with mechanically exfoliated GaS or 
890 A·W-1 for HfS2 [Hu, 2013; Xu, 2015]) our devices are the first large-scale 
ultrathin UV-photodetectors reported up to date. In Figure 5.9 we can see the time 
response of a large-scale MoO3-based photodetector, where we find a rise time of 
~ 20 s and a fall time of ~ 68 s. These results make our fabricated MoO3-based 
devices an interesting candidate for applications like visible light-transparent coat-
ings that are sensitive to UV radiation or smart windows with absorption in the 
UV. 

Figure 5.8 MoO3-based field-effect device fabricated by evaporating Ti/Au electrodes via a 
shadow mask on an extended layer of MoO3 grown on mica and transferred to a SiO2/Si(p+) sub-
strate. (a) Optical microscope and (b) AFM topographic images of one of the devices. (c) Current-
back gate voltage curve of the device shown in (a) measured in the dark (black) and under 405 nm 
wavelength light illumination (blue). Inset: Current-bias voltage curve of the same device in the 
dark and with an applied back-gate voltage of +40V. (d) Responsivity calculated for the blue curve 
in (a) as a function of the applied back-gate voltage. 
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Figure 5.9 (a) Large-scale MoO3 photodetector fabricated by deterministic transfer of MoO3 on 
pre-patterned Au electrodes on a SiO2/Si substrate. (b) Photocurrent time response of the device 
shown in (a). The shaded areas indicate the period where the light was switched off and the white 
areas the period while the light was on. From this curve we obtain a rising time of ~ 20 s and a 
fall time of ~ 68 s. 
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1.5 Self-driven photodetectors 

More interesting applications of MoO3 are found as an electron acceptor for p-
doping different materials [Kröger, 2009a; Kröger, 2009b; Nakayama, 2009]. The 
large work function of MoO3 allows the material to drive spontaneous electron 
transfer from different two-dimensional materials to the MoO3 crystals [Chen, 
2010; Meyer, 2014]. Here we employ the as-grown MoO3 crystals to modify the 
performance of a MoS2 FET by transferring a MoO3 crystal on the source electrode 
of the MoS2 FET (van der Waals heterostructure). The result is a depletion of the 
electron charge carriers in the device that causes an increase in the work function 
[Lin, 2013]. The charge transfer in one of the electrodes in an MoS2 FET can result 
in the creation of different Schottky barriers for each electrode [Fontana, 2013]. 
When the FET is illuminated in order to study the photoresponse of the device, the 
electrons in the electrode with higher hole density are photo-excited over the bar-
rier, generating a net current even at zero bias (like a diode). The accumulation of 
electrons and holes in each electrode also causes an open circuit voltage (Voc) 
[Fontana, 2013]. In our device, the MoO3 is transferred covering part of the MoS2 
flake (Figure 3.10a) causing an electron transfer from MoS2 to MoO3. When the 
device is illuminated with a light beam with 640 nm wavelength (photon energy 
above the MoS2 bandgap), we see an open circuit voltage in the current-voltage 
characteristics of Voc ~ 8 mV (Figure 3.10b). We also see this effect when inves-
tigating the time response of the device upon illumination with a light modulated 
intensity (Figure 3.10c) at zero drain-source voltage. As can be seen, there is cur-
rent at zero voltage when the light is switched on and there is not current when the 
light is switched off. These results support the use of our grown MoO3 crystals as 
an easy and effective method for causing electron transfer and thus the modifica-
tion of Schottky barriers in functional devices which can be exploited to fabricate 
self-driven (working with zero bias voltage) photodetectors. 
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Figure 3.10 (a) Artistic representation of the MoO3-MoS2 heterostructure. From left to right: a 
MoS2 field-effect transistor is fabricated by transferring a MoS2 flake on pre-patterned Au elec-
trodes on a SiO2/Si substrate. Then, a MoO3 crystal is transferred on one of the electrodes, partially 
covering the MoS2 flake, causing an electron transfer from the MoS2 to the MoO3. On the right 
we show an optical microscopy image of the fabricated van der Waals heterostructure. (b) Cur-
rent-voltage characteristics in dark conditions and upon illumination of the device for increasing 
light power with light wavelength of 660 nm. Inset: zoom of the area around zero drain-source 
voltage where the Voc and the Isc can be depicted. (c) Time response of the device at zero drain-
source voltage in dark conditions (zero current) and upon illumination with different modulated 
light intensity. 
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2 Franckeite: a naturally occurring van der Waals 
heterostructure 

The demonstration of the deterministic placement of 2D crystals has opened 
the door to fabricate more complex devices [Dean, 2010], but more importantly, it 
has started the investigation to tailoring the properties of designed materials by 
stacking different 2D crystals to form the so-called van der Waals heterostructures 
[Geim, 2013]. One approach to produce such heterostructures is to use epitaxially 
grown materials assembled sheet by sheet [Bae, 2010]. This method, however, re-
mains challenging and has only been demonstrated for a few van der Waals heter-
ostructures so far [Yang, 2013; Gong, 2014; Zhang, 2014]. Another approach is 
the manual assembly of individual layers obtained by mechanical exfoliation from 
bulk and the deterministic placement of one layer on top of another [Ponomarenko, 
2011; Bertolazzi, 2013; Georgiou, 2013; Hunt, 2013; Withers, 2015]. This method 
also presents issues that remain to be solved, such as controlling the exact crystal-
line alignment between the stacked lattices and avoiding the presence of interlayer 
atmospheric adsorbates.  

In this section we will study ultrathin layers of franckeite, a naturally occurring 
sulfosalt with a structure formed by alternated stacking of tin disulfide-based 
(SnS2) and lead sulfide-based (PbS) layers. Interestingly, the individual layers pre-
sent a larger bandgap than the naturally formed van der Waals heterostructure 
(<0.7 eV), which is amongst the narrowest found in 2D semiconductors. We also 
find that franckeite is a p-type material, a very rare feature in two-dimensional 
semiconductors, only found so far in a few materials such as black phosphorus and 
tungsten diselenide [Baugher, 2014; Castellanos-Gomez, 2014; Li, 2014; Liu, 
2014; Ross, 2014] but, unlike black phosphorus, franckeite is air-stable. We com-
bine density functional theory (DFT) calculations with the experimental character-
ization of the optical and electrical properties of ultrathin franckeite, which we 
isolate both by micromechanical cleavage and liquid-phase exfoliation, to offer a 
complete picture of its unique properties. 
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2.1 Crystal structure 

Franckeite is a layered material from the sulfosalt family formed by the stack-
ing of pseudohexagonal (H) and pseudotetragonal (Q) layers that interact by van 
der Waals forces [Makovicky, 2011]. The Q layer is composed of four atomic lay-
ers of sulfide compounds with the formula MX, where M = Pb2+, Sn2+ or Sb3+ and 
X = S. The H layer consists of octahedrons of disulfide compounds with the for-
mula MX2, where M = Sn4+ or Fe2+ and X = S. In Figure 5.11 we show the crystal 
structure of the material, indicating the different atomic layers present in the crys-
tal. 

Figure 5.11 (a) 2D and (b) 3D sketches of the crystal structure of franckeite: the Q layer includes 
MX compounds, where M = Pb2+ or Sn2+ (M can also be Sb3+ replacing Sn2+) and X = S, while 
the H layer includes MX2 compounds, where M = Sn4+ (M can also be Fe2+ replacing Sn4+) and 
X= S. 
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2.2 Characterization 

We have characterized franckeite by different techniques both in the bulk ma-
terial (or mineral chips) and in mechanically exfoliated flakes, to increase our un-
derstanding of the properties that we have studied. 

2.2.1 Bulk material 

In Figure 5.12 we can see photographs of franckeite mineral taken with a zoom 
lens incorporated in a digital camera. The exfoliated material is obtained by either 
grinding of cleaving the bulk piece of material. 

X-ray photoelectron spectroscopy 

In order to determinate the chemical composition of the material, we have per-
formed (in collaboration with Dr. Miguel Ángel Niño, IMDEA Nanociencia, Ma-
drid, Spain) XPS measurements on mechanically cleaved chips of the material us-
ing the Al Kα line from a conventional monochromatized X-ray source described 
elsewhere [Maccariello, 2014]: several fragments of a few millimeters in size of 
mineral chips covering a platinum surface were analyzed. There are no photoemis-
sion data in the literature about franckeite, but the overview photoemission spec-
trum (not shown) of the mineral gives the atomic components and contaminants of 

Figure 5.12 (a) Photograph of the franckeite mineral studied in this chapter. (b) Zoom-in of the 
mineral shown in (a). 
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the franckeite surface: Sb, Sn, Pb and S, as well as the other typical minor compo-
nents of franckeite, Fe and Ag [Williams, 1988; Wang, 1991a; Makovicky, 2011], 
and oxygen and carbon appearing as contaminants. The XPS narrow scans give 
information on the oxidation state and the possible adscription to the different 
structural layers of the franckeite.  

In the minor components of franckeite, iron is present in a very small concen-
tration, although it appears in the Sn 3p3/2 narrow scan (Figure 5.13). The broad 
shape and the position of Fe 2p3/2 at 708 eV in binding energy, and the distance of 
13.8 eV from Fe 2p1/2, suggest the Fe2+ or Fe3+ valence state, similar to some iron 
sulfides (Fe7S8, FeS2). Silver is typical in the cylindrite group of minerals like in-
caite and potosiite, and it is present in this sample in a small amount: the Ag 3d5/2 
core level (Figure 5.13) appears at 367.8 eV binding energy, which could be  

Figure 5.13 XPS spectra of Fe 2p region (left), coincident with Sn 3p3/2 core level and Ag 3d 
region (right). 
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compatible with Ag inclusions in an 
oxide state. As contaminants we find 
carbon and oxygen: C 1s peak at 
285.0 eV; the oxygen core level O1s 
is not directly observable due to its 
coincidence with Sb 3d, one of the 
most intense peaks, but the oxygen 
Auger KLL transition is visible in 
the overview spectrum. After fitting 
the components for Sb 3d core level 
(Figure 5.14) the O 1s appear under 
Sb 3d5/2 as a broad peak at 531.5 eV 
(fwhm of 2.75 eV), indicating sev-
eral oxygen states. 

The XPS narrow spectra of Sb 
3d, Sn 3d, S 2p and Pb 4f regions of 
mineral franckeite are shown in Fig-
ure 5.14. The fits to these spectra 
are generally satisfactory, with the 
exception of the poor fit at the low 
binding energy tail on the Sb 3d and Sn 3d spectra. The corresponding binding 
energies extracted from the fits are shown in Table 5.2 and compared to the bind-
ing energies of the same components for the single flake experiment measured with 
synchrotron radiation technique (section 2.2.2 of the present chapter). In the last 
case we measure a shift towards higher binding energy of 0.3 – 0.4 eV for the low 
binding energy components (S and Pb measured at hν = 230 eV), and 0.6 – 1.0 eV 
for Sb (measured at hν = 600eV), with a good agreement for the case of Sn. As we 
do not expect different chemical species in both cases, because the flakes are ob-
tained from the same mineral fragment, we attribute these shifts towards higher 
binding energies to a charging effect due to the much higher photon flux in the 
synchrotron radiation experiment than in the conventional Al Kα X-ray source (de-
pending on the energy shift in the particular photon flux). 

 

Figure 5.14  XPS spectra of Sb 3d, Sn 3d, S 2p 
and Pb 4f regions of a franckeite mineral chip. 
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Table 5.2. Experimental binding energies (A and B doublets) for the mineral chips. 

 Sb d3/2 Sb d5/2 Sn d3/2 Sn d5/2 S 2p1/2 S 2p3/2 Pb 4f5/2 Pb 4f7/2 

A 538.7 529.4 494.3 485.9 162.2 161.0 142.60 137.7 

B 539.8 530.4 495.2 486.9 163.0 161.8 143.5 138.6 

 

The best fit with the minor number of meaningful components results in two 
doublets for each of the measured element: we name “A-doublet” to the doublet 
with lower binding energy and “B-doublet” to the one with higher binding energy. 
The A-doublet of Pb 4f (with Pb 4f7/2 at 137.7 eV) corresponds to the lead in the 
Q layer containing PbS [Shalvoy, 1977; Zhang, 2005], while the B-doublet (Pb 
4f5/2 at 138.6 eV) can be attributed to a lead oxide component. In the Sn 3d core 
level, the A-doublet (Sn 3d5/2 at 485.9 eV) can be attributed to the state Sn2+, and 
the B-doublet (Sn 3d5/2 at 486.9 eV) to Sn4+: the difference of ~ 1 eV between A- 
and B-doublet is in accordance with the literature for these states [Shalvoy, 1977; 
Cruz, 2003; Cheng, 2011; Zhang, 2012]. But in the franckeite structural model 
[Wang, 1991a] the Sn2+ ion is a minority with respect to Sn4+ and it is present in 
the Q layer while the Sn4+ ion is in majority and present in the H layer as SnS2, 
whereas in our sample the Sn2+ component is pretty much higher than Sn4+. The 
fact that we see more amount of Sn2+ than Sn4+ can indicate that fracturing/exfoli-
ation occurs preferentially leaving exposed the Q layer, explaining at the same time 
the appearance of the high binding energy component of Pb as surface atoms with 
a different chemical shift or a lead oxide component. The Sb can also be fit with 
two doublets, although there is a poor quality at the low binding energy side of Sb 
3d5/2, that can indicate a surface state or defects produced by the fracturing. The B-
doublet (Sb 3d5/2 at 530.4 eV) corresponds to Sb3+ state in accordance with litera-
ture [Zakaznova-Herzog, 2006], but the A-doublet (Sb 3d5/2 at 529.4 eV) that has 
lower binding energy and a high intensity must be attributed to Sb inclusions or 
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substitutional defects. For S 2p, the A-doublet (S 2p3/2 at 161 eV) and the B-doublet 
(S 2p3/2 at 161.8 eV) are completely in accordance with the lead and tin sulfide. 

From the area of the most intense peaks and the atomic sensitivity factor we 
can estimate the composition as Pb25.6Sn9.0Fe0.7Sb10.0S53.7Ag1.0. This is close to the 
composition found by Makovicky et al. [Makovicky, 2011] of 
Pb21.7Sn9.3Fe4.0Sb8.1S56.9 but with some discrepancies, such as the appearance of ex-
tra Sb in our samples, and the presence of Ag in higher amount than Fe. 

Scanning tunneling spectroscopy 

Further characterization of the bulk material has been carried out by means of 
scanning tunneling microscopy (STM) in order to determine the electronic 
bandgap of the material. For this purpose, a piece of franckeite (Figure 5.15a) is 
placed on a Au substrate which serves as electrode (indium is used to ensure elec-
trical contact between the two of them), and a mechanically cut Au wire is used as 
a tip. Franckeite is then exfoliated to obtain a clean surface. Figure 5.15b shows 
an STM topographic image of the franckeite surface taken with an applied bias 
voltage of Vbias = 1 V at room temperature and ambient pressure, where a step-edge 

Figure 5.15 (a) Optical microscopy photograph of a piece of franckeite. The material presents 
large area flat terraces after mechanical exfoliation. (b) STM topographic image of bulk francke-
ite. (c) STS characterization of franckeite, here we show the average curve obtained from a set of 
200 current-voltage curves, which clearly shows a semiconducting p-doped since the zero bias 
voltage (coinciding with the Fermi level) is closer to the valence band than to the conduction band. 
Inset: STS current-voltage curves in logarithmic scale, the valence and conduction bands values 
(-0.25 eV and 0.35 eV, respectively) are highlighted with arrows, yielding an electronic bandgap 
of ~ 0.6 eV (~0.7 eV after correction of the thermal broadening). 
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can be identified with a height of ~ 2.3 nm (~ 1 or 2 layers). The average of a set 
of 200 STS current-voltage characteristics is shown in Figure 5.15c, depicting a 
clear semiconducting p-doped behavior: there is a zero conductance zone around 
zero bias voltage which extends between two well-defined values, corresponding 
to the valence band (BV) and conduction band (BC) of the material; the doping of 
the material can be determined from the fact that the curve is “shifted to the left”, 
meaning that the Fermi level (corresponding to the zero bias voltage) is closer to 
the valence band than to the conduction band. The whole set of 200 current-voltage 
curves is shown in the inset in logarithmic scale where the BV and BC values can 
be extracted, obtaining BV = -0.25 eV and BC = 0.35 eV, yielding and electronic 
bandgap of Eg,el = 0.6 eV. At this point, the thermal broadening of the bands due 
to the temperature of the sample must be considered in the calculation, adding Et 
≈ 3.5kBT = 90 meV at room temperature [Crampin, 2005], therefore, the electronic 
bandgap of franckeite is Eg,el ≈ 0.7 eV. 

Thermopower 

We have also studied the thermopower of bulk franckeite by using a modified 
scanning tunneling microscope (STM) which allows to locally measure the therm-
power of a surface. The gold STM tip, which is mechanically cut, is moved towards 
the sample for 70-90 nm to form a large contact. The sample is kept at room tem-
perature while the tip is resistively heated up to a temperature gradient of ~35 K. 
In addition to the applied bias voltage, the temperature gradient gives rise to a 
voltage offset –S·ΔT, where S is the thermopower of the franckeite (Figure 5.16). 
This offset can be measured from a current-voltage curve by finding the voltage 
that makes the current zero. The slope of the current-voltage curve gives the con-
ductance (Figure 5.17a) [Evangeli, 2013; Rincon-Garcia, 2016]. 

 



 

-2 Franckeite: a naturally occurring van der Waals heterostructure- 

213 

5 
 

By heating the tip we not only establish a temperature difference between the 
tip and the substrate but also a temperature gradient across the tip-connecting elec-
trode, which gives rise to an additional thermoelectric voltage. The equivalent cir-
cuit for measuring the thermopower is shown in Figure 5.16. Considering the 
equivalent circuit, we can write I = G (Vbias+Selectrode ΔT - SΔT), where S and Selectrode 
are the thermopower of franckeite and the tip-connecting electrode, respectively, 
and ΔT = THot-TCold is the temperature gradient, with THot and TCold being the tem-
peratures of the tip and the franckeite, respectively. It has been shown previously 
that Selectrode = 0.05 μV·K-1, which is negligible in comparison with the ther-
mopower of franckeite.  

In addition, the resulting value of the measured thermopower is the difference 
between the thermopower of gold and franckeite, but since the thermopower of 
gold is much smaller than the franckeite, its contribution is negligible. To obtain 
the average thermopower of franckeite we collected data of 85 traces in a histo-
gram (Figure 5.17b) and we found a positive value of S = 264 μV·K-1, allowing 
to state that the material is p-doped, since the sign of the thermoelectric current is 
dictated by the sign of the Seebeck coefficient (positive for p-doping, negative for 

Figure 5.16 Equivalent thermal circuit of the setup for measuring the thermopower. The sample 
is kept at ambient temperature TCold while the tip is heated to a temperature of THot = TCold  + ΔT. 
S is the thermopower of franckeite and Slead is the thermopower of the tip connecting lead. VBIAS 
is the bias voltage applied at the sample. 
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n-doping) and the thermal gradient [Groenendijk, 2014]. In addition, the mean con-
ductance was found to be G = 0.0032 G0 (R = 4 MΩ), where G0 is the quantum of 
conductance. The thermal conductivity of gold is expected to be much larger than 
that of franckeite when making a large contact, thus most of the temperature drops 
in the franckeite itself and consequently the thermopower measured is the bulk 
thermopower of the franckeite [Evangeli, 2015]. 

 

2.2.2 Mechanically exfoliated flakes 

We have characterized mechanically exfoliated flakes of franckeite by scan-
ning electron microscopy (SEM) in which the layered structure with large terraces 
can be depicted (Figure 5.18). We have also performed transmission electron mi-
croscopy (TEM) on mechanically exfoliated franckeite flakes, revealing both the 
high degree of orientation in the stacking of the H and Q layers and its misfit struc-
ture. Figure 5.19a shows a low magnification TEM image of a flake with regions 
of different thicknesses, as inferred from the difference in TEM contrast. The TEM  

Figure 5.17 (a) Current-voltage curves acquired on franckeite at ΔT = 0 K (blue) and ΔT = 36 
K (red) showing the thermal voltage -SΔT due to the temperature gradient in the sample. (b) His-
togram of thermopower of franckeite, out of 85 traces at  ΔT ≈ 36 K. 
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image shows regularly spaced fringes which are due to the corrugation of the crys-
tal induced by the interaction between the misfit Q and H layers, as demonstrated 
by Makovicky et al. [Makovicky, 2011] with cross-sectional TEM in bulk francke-
ite. Figure 5.19b shows a high resolution TEM (HRTEM) image where the atoms 
of both the Q and H layers can be resolved. The corresponding selected area elec-
tron diffraction (SAED) diagram (Figure 5.19c) has consequently been indexed 
considering franckeite as a stacking of the Q and H layers, respectively described 
as tetragonal and orthohexagonal [Williams, 1988].  

We have also characterized mechanically exfoliated franckeite flakes using 
synchrotron micro-X-ray photoemission spectroscopy (micro-XPS) with lateral 
resolution of ~ 20 nm in a photoemission electron microscope (PEEM) [Aballe, 
2015]. The flakes were transferred onto a metallic Pt surface to avoid sample 
charging. XPS-PEEM spectra of the four main components of franckeite Sb 3d, Sn 
3d, S 2p and Pb 4f are displayed in Figure 5.20a and b. From the core level fits 
we distinguish two components for each element: for Sn, we assign the two com-
ponents to Sn2+ and Sn4+ from the Q and H structural layers of franckeite, respec-
tively. The Sb 3d core level also presents two components: Sb3+ appears in the Q 
layer with an extra Sb in a different environment. The ratio between Sb and Sn 
intensities, after normalization to the photoemission cross section and to the mi-
croscope transmission, results in an excess of 33% of Sb over Sn. The S 2p core 
level also indicates two different environments, PbS and SnS2, while Pb 4f has a  

Figure 5.18 (a) SEM image of several ultrathin franckeite layers deposited on a TEM grid. (b) 
Zoom in on the white squared area marked in a, showing layers of various thicknesses. Conditions: 
15 kV, 11 pA, working distance 6.5 mm. (c) Zoom in on the image shown in b. 
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strong doublet (PbS) and another minor component, possibly due to some lead ox-
ide. In the inset of Figure 5.20a we show a low energy electron microscopy 
(LEEM) image of the flake, appearing as a bright stripe crossing the field of view, 
with some steps running nearly parallel to one of its edges. From the XPS-PEEM 
chemical images (inset of Figure 5.20d, measured at the Pb 4f7/2 core level peak), 
we conclude that franckeite is chemically homogeneous: the image shows a uni-
form bright stripe through the whole flake, with the same behavior for all the other 
chemical constituents. 

Figure 5.19 (a) HRTEM micrograph of a franckeite sheet exhibiting the characteristic fringes 
of franckeite due to the corrugation induced by the misfit between Q and H layers. (b) Representa-
tive atomic scale HRTEM of an ultrathin franckeite layer. (c) SAED diagram consistent with a 
misfit layer compound made of PbS and SnS2 layers: Q (purple) and H sublattices (light blue) lead 
to the most intense reflections on which superlattice rows of weak intensity are centered. The 
diagram has been indexed using tetragonal and orthohexagonal vectors for the Q and H phases 
respectively. 
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Figure 5.20 (a) Sb 3d3/2 and Sn 3d3/2 XPS spectrum acquired with photon energy hν = 600 eV. 
Inset: LEEM image (the field of view is 50 µm and the electron energy is 0.12 eV), the red square 
indicates the region of integration where the XPS spectra has been acquired. (b) S 2p1/2 and 2p3/2 
and Pb 4f5/2 and 4f7/2 XPS spectrum acquired with photon energy hν = 230 eV. Inset: XPEEM 
image at Pb 4f7/2 core level (the field of view is 50 µm and the photon energy is 230 eV). The 
strong background in the XPS spectra is due to the tail of secondary electrons cascade. 
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2.3 Band Structure 

The electronic properties of franckeite are studied by performing density func-
tional theory (DFT) calculations of the band structure as implemented with the 
QuantumEspresso code [Giannozzi, 2009]. Franckeite presents a complicate crys-
tal structure that makes it difficult to calculate the band structure, therefore, the 
band structure including only PbS and SnS2 is first considered and the role played 
by Sb doping will be studied afterwards. The DFT calculations presented here have 
been carried out by Prof. Juan José Palacios’ group (Universidad Autónoma de 
Madrid, Spain). 

2.3.1 PbS and SnS2-based franckeite 

Apart from the H and Q layers already mentioned, the franckeite structure ex-
hibits a long-range one-dimensional transversal wave-like modulation and a non-
commensurate layer match in two dimensions [Makovicky, 2011]. This will not be 
taken into account since it would be computationally too expensive and it is ex-
pected to only introduce minor corrections to the results. Direct bandgaps of ~ 1 
eV and ~ 0.7 eV are obtained for the individual H and Q layers, respectively (Fig-
ure 5.21a and b). The band structure of the bulk crystal formed by alternate stack-
ing of Q and H layers with the same composition as that of the individual layers, 
results in two sets of bands separated by a small gap of ~ 0.5 eV (Figure 5.21c). 
Although the Fermi level lies below the valence band, a further investigation of 
the role played by substitutional Sb atoms (discussed in the next section) shows 
that the Fermi level is shifted upwards when the material is doped with Sb. These 
results can be compared with the electronic bandgap measured by means of scan-
ning tunneling spectroscopy (STS) on bulk franckeite crystals (section 2.2.1), 
where we observe an electronic bandgap of ~ 0.7 eV with the valence band edge 
closer to the Fermi level, further confirming the p-type doping of the material (also 
confirmed by the thermopower measurements). 
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Figure 5.21 (a) Calculated band structure for the Q layer that presents a bandgap of ~1 eV. (b) 
Calculated band structure for the H layer that presents a bandgap of ~0.7 eV. (c) Calculated band 
structure for the franckeite crystal that presents a bandgap of ~0.5 eV. The valence band is given 
by the Q layer (red line), while the conduction band is given by the H layer (blue line), suggesting 
that franckeite is a type-II heterostructure. 

In the band structure shown in Figure 5.21c, it is shown that the valence band 
wavefunctions correspond to the H layer while the conduction band wavefunctions 
belong to the Q layer, much in analogy with an artificial type-II semiconducting 

Figure 5.22 (a) Crystal structure of franckeite as shown in section 2.1 of the present chapter. 
(b) Bloch states in franckeite in which the valence (red) and conduction (blue) bands are repre-
sented. 
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heterostructure [Terrones, 2013]. In Figure 5.22 it is shown a projection of the 
crystal structure (Figure 5.22a) with the corresponding Bloch states (Figure 
5.22b), where the blue areas represent the Bloch states corresponding to the blue 
band in Figure 5.21c and the red areas represent the Bloch states in the in the red 
band in Figure 5.21c. 

 

2.3.2 Sb-doping 

In the previous section the density functional theory calculations of the band 
structure of franckeite considering that the crystal is composed of only PbS and 
SnS2 layers are shown. Nevertheless, it is found that the composition of franckeite 
includes Sb substitutional atoms replacing Sn atoms which may donate one more 
electron to the system as a cation in the H layer. The calculations are now com-
puted for a 50% and 100% substitution, i.e., 50% (or 100%) of the Sn atoms have 
been replaced by Sb atoms in the H layer. In Figure 5.23a it is shown the calcu-
lated band structure of franckeite composed only by PbS and SnS2, where a 
bandgap of ~ 0.4 eV with the Fermi level lying below the valence band is found. 
When an Sb substitution of 50% is introduced (Figure 5.23b), one of the valence 
bands becomes almost fully occupied, while for a 100% substitution (Figure 
5.23c) both bands are essentially full, leaving a small concentration of holes in the 
system. The gap has been closed at this stage, but this can be attributed to the 
known deficiencies of the standard approximation to the density functional that 
has been used and it is expected to remain open in reality. Substitutional  
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Sb in the Q slab or substitutional Fe in the H layer, as well as an increase in the 
percentage of Pb in the Q slab, does not fundamentally change the spatial separa-
tion of electrons and holes in the heterostructure. The saturation with Sb in the H 
layer, maybe beyond nominal concentration values, seems to be determinant for 
the semiconducting behavior to emerge, but this coincides with the strong presence 
of Sb4+ observed in our samples by micro-XPS (section 2.2.2) and EDX (section 
2.4.1). 

The case in which the substitutional Sb atoms appear in both the Q and the H 
layer is now studied. The amount of Sb in the Q layer is fixed at a substitution of 
50% of the Sn atoms, while the amount of Sb is changed from 0% (Figure 5.24a), 
50% (Figure 5.24b) and 100% (Figure 5.24c) in the H layer. The results show 
that the amount of Sb doping is crucial to open a gap in the band structure and, in 
the situation of 50% Sb, 50% Sn in the Q layer and 100% Sb in the H layer, an 
indirect bandgap of ~ 0.4 eV appears. These results confirm that the presence of 
Sb in the franckeite composition is changing the band structure in such a way that 
it opens a small bandgap and provides a p-doping, although these calculations are 
just approaches to the real franckeite structure. 

Figure 5.23 (a) Calculated band structure of franckeite without Sb. (b) Calculated band structure 
of franckeite when 50% of the Sn atoms have been replaced by Sb atoms in the H layer. (c) Cal-
culated band structure of franckeite when 100% of the Sn atoms have been replaced by Sb atoms 
in the H layer. 
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Figure 5.24 (a) Calculated band structure of franckeite with 50% Sn and 50% Sb in the Q layer 
and 0% Sb in the H layer. (b) Calculated band structure of franckeite with 50% Sn and 50% Sb in 
the Q layer and 50% Sn and 50% Sb in the H layer. (c) Calculated band structure of franckeite 
with 50% Sn and 50% Sb in the Q layer and 100% Sb in the H layer. 
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2.4 Liquid-phase exfoliation 

Liquid-phase exfoliation (LPE) of layered materials allows scale-up, improves 
processibility, and opens the way to chemically functionalize the nanosheets in 
suspension [Nicolosi, 2013]. We demonstrate LPE isolation of franckeite by bath 
ultrasonication for 1 h at 20 °C, using franckeite as a powder coming from careful 
grinding mineral pieces (Figure 5.25). The LPE of franckeite has been carried out 
by Dr. Emilio M. Pérez’s group (IMDEA Nanociencia, Madrid, Spain). 

Figure 5.25 Franckeite samples. Left: bulk mineral; middle: powder material obtained after 
grinding of raw chips; right: suspension of exfoliated material prepared by sonication of a 100 
mg·mL–1 powder dispersion in NMP. 

 

2.4.1 Preparation and characterization 

First, LPE is carried out in N-methyl-2-pyrrolidone (NMP), which has success-
fully been used to exfoliate graphite and transition metal dichalcogenides 
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[Hernandez, 2008; Coleman, 2011], thanks to its surface tension and chemical co-
ordination properties, which favor layer separation and subsequent nanosheet sta-
bilization, respectively. LPE was also investigated in isopropanol/water 1/4 v/v 
(further referred to as IPA/water), due to matching surface tension with SnS2 
[Shen, 2015]. 

Remarkably, all the suspensions prepared in NMP were indefinitely stable in 
time (> 6 months). Analysis of these colloids using atomic force microscopy 
(AFM, Figure 5.26a and b) and TEM (Figure 5.26c and d) reveals large flakes (> 
100 nm in lateral size) of height < 25 nm, together with copious amounts of very 
small (~10 nm - 20 nm in lateral size) fragments.  

Figure 5.26 (a) AFM micrograph of the sample drop-casted and dried over a freshly exfoliated 
mica substrate. (b) Statistical analysis of the raw height data. (c) and (d) TEM images of repre-
sentative franckeite nanosheets prepared by exfoliation of a 100 mg·mL–1 powder dispersion in 
NMP. 
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The LPE exfoliation in IPA/water leads to much more uniform nanosheets. 
Figure 5.27a shows a large area AFM topographic image obtained after drop-cast-
ing and drying of a franckeite dispersion prepared in IPA/water on a mica sub-
strate. Statistical analysis of the height data (Figure 5.27b) attests to the formation 
of very thin flakes, with a narrow thickness distribution between 6 and 12 nm. This 
range corresponds to a maximum number of ~ 4 to 7 franckeite layers (being one 
layer an H and Q pair), without taking into account adsorbed solvent molecules 
remaining onto the nanosheet surface, which might increase the measured thick-
ness by up to 1.2-1.3 nm [Zeng, 2015]. The lateral size distribution (Figure 5.27c 
and d), is also more homogeneous and displaced towards larger sheets (c.a. 200 
nm). In all cases, the nanosheet composition was ascertained by EDX microanal-
ysis (Figure 5.28). 

Figure 5.27 (a) AFM topographic characterization of franckeite nanosheets obtained from the 
exfoliation of a 1 mg·mL–1 powder dispersion in isopropanol/water 1/4 (v/v). (b) Statistical anal-
ysis of the AFM raw height data. The inserted numbers indicate the corresponding number of 
layers (unit cell, H + Q layer, 1.7 nm in thickness) from ~4 layers (4L) up to ~13 layers (13L). (c) 
and (d) TEM images of  of franckeite nanosheets obtained from the exfoliation of a 1 mg·mL–1 
powder dispersion in isopropanol/water 1/4 (v/v) 
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Figure 5.28 EDX spectra of LPE franckeite (a) obtained in NMP from a 100 mg·mL–1 powder 
dispersion and (b) obtained in IPA/water 1/4 from a 1 mg·mL–1 powder dispersion. 

 

2.4.2 Absorption spectroscopy 

UV-Vis-NIR spectroscopy (Figure 5.29) of the colloidal suspension prepared 
from the 100 mg·mL–1 powder dispersion in NMP was performed after drop-cast-
ing and drying of the liquid sample on a glass slide. This allows the elimination of 
the solvent C–H bonds which result in intense absorption that hinders light trans-
mission measurements in a wide NIR range. The resulting spectrum shows a con-
tinuous decrease of the absorption as the wavelength increases from 300 nm to 
2750 nm, followed by a wide absorption band from 2750 nm to 3300 nm, reaching 
a maximum at ~2900 nm (0.43 eV). Together with the absorption onset in the NIR 
region, the existence of this band is consistent with the narrow bandgap energy 
determined for franckeite. 
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Figure 5.29 UV-Vis-NIR spectrum of a thin film of franckeite colloidal suspension deposited 
on a glass slide; the sample originates from the liquid-phase exfoliation of a 100 mg·mL–1 francke-
ite powder dispersion. Inset: zoom of the region indicated by a dashed red line that highlights the 
absorption peak around 2900 nm. 

The measurement is repeated for different samples (Figure 5.30), obtaining the 
same shape for the absorption with the maximum at ~2900 nm, further confirming 
the presence of this absorption peak. 

Figure 5.30 (a) Absorption spectra of the sample shown in Figure 5.29 and three replicates 
performed with other three different glass slides. Inset: zoom in the 2500 nm-3300 nm region. (b) 
Absorption spectra normalized at 350 nm for the four samples presented in (a). Inset: zoom in the 
2500 nm-3300 nm region. 
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2.4.3 Raman spectroscopy 

 The Raman characterization 
was performed on bulk franckeite 
powder and on the most concen-
trated colloidal suspension (from the 
100 mg·mL–1 NMP powder disper-
sion). Both samples present similar 
spectra, with five main bands cen-
tered at 66, 145, 194, 253, 318 cm-1, 
and a shoulder from ~400 to 650 cm-

1 (Figure 5.31), confirming the na-
ture of the colloid obtained. As in a 
first approximation, franckeite alter-
nates SnS2 and PbS layers having a 
crystal structure similar to that of 
SnS2 and PbS, most of its Raman 
bands can be associated to those of 

the parent structures. However, the band at 253 cm-1 would result from the combi-
nation of phonon modes of both the Q and H layers [Ovsyannikov, 2007]. We also 
find differences in the relative intensities between the Raman spectra of bulk and 
exfoliated material, probably originating from their respective thickness. 

The band at 66 cm–1 corresponds to an acoustic phonon mode in PbS [Krauss, 
1997a; 1997b; Ovsyannikov, 2007], whereas the band at 318 cm-1 is a clear signa-
ture of the A1g mode in SnS2 [Smith, 1977; Price, 1999; Wang, 2002; Kang, 2012]. 
Other bands at 145, 194 cm-1, and the 400-650 cm-1 shoulder are most likely due 
to a superposition of respective phonon modes of both PbS (combinations and 
overtones of acoustic and optical modes) [Krauss, 1997a; 1997b; Smith, 2002; 
Ovsyannikov, 2007] and SnS2 (including the Eg mode and second-order effects) 
[Smith, 1977; Price, 1999; Wang, 2002; Kang, 2012]. As proposed in other works 
on misfit compounds [Ovsyannikov, 2007], the last band at 253 cm-1 could result 

Figure 5.31 Raman spectra of franckeite raw 
powder (blue line) and liquid-phase (LP)-exfoli-
ated franckeite obtained from the sonication of a 
100 mg·mL–1 powder dispersion in NMP (pink 
line). 
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from the combination of phonon modes of both layer types. Slight shifts are to be 
noted regarding the parent structures; they can be attributed to deviations in terms 
of structure [Williams, 1988; Wang, 1991b; Makovicky, 2011] and composition 
(e.g. Sb and Fe identified by TEM/EDX)[Mehner, 1998] between the idealized 
model and natural franckeite. In spite of its weakness, the interlayer van der Waals 
interaction can also cause some noticeable changes in the respective vibration 
properties of each lattice [Ovsyannikov, 2007]. 
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2.5 Franckeite-based nanodevices 

To further explore the electronic properties of franckeite, we have employed 
mechanically exfoliated flakes in the fabrication of electronic devices by transfer-
ring the flakes onto Ti/Au electrodes pre-patterned on a SiO2/Si substrate. The 
flakes are placed bridging the electrodes using the deterministic transfer technique 
described in section 1.2 of Chapter 2. Figure 5.32 shows both optical microscopy 
and AFM topographic images of one of these devices (with a thickness ranging 
from ~ 7 nm to ~ 13 nm). In Appendix C we show the characterization of another 
franckeite photodetector. 

Figure 5.32 (a) AFM topographic image of a franckeite-based device. The scan profile yields a 
thickness ranging from 7 nm to 13.5 nm. (b) Optical microscopy image of the device shown in 
(a). 

2.5.1 Electronic characterization 

The devices are characterized by measuring current-voltage characteristics (the 
current passing through the material (Ids) while sweeping the drain-source voltage 
(Vds) with a fixed back-gate voltage (Vg)) and by measuring the current dependence 
on the back-gate voltage with a fixed drain-source voltage (transfer curve). Figure 
5.33 shows the Ids-Vg curve for the device shown in Figure 5.32 measured in dark 
conditions, high vacuum (P < 10-5 mbar) and with an applied Vds = 150 mV. The  
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dependence of the current on the 
back-gate voltage serves as a test for 
determining the doping of the mate-
rial: the decrease in the current with 
increasing back-gate voltage indi-
cates that the material is p-doped, in 
agreement with the STS and ther-
mopower measurements for bulk. 
The gate traces also show that the 
franckeite flake is strongly doped 
and it cannot be switched off within 
the experimental gate voltage win-
dow. Thus, franckeite does not seem 
an appropriate material to fabricate 
FETs and requires doping engineer-
ing to reduce the intrinsic doping. 
This measurement was repeated af-
ter 41 days, finding a small drop of 
5% in the current intensity, which 
indicates that the device remains stable over time. This is very relevant when com-
paring with black phosphorus, the other intrinsically doped p-type 2D semicon-
ductor, which degrades on a time scale of a few hours [Joshua, 2015]. From the 
Ids-Vds curve (shown in the inset of Figure 5.33) we estimate a resistivity of ~50 
mΩ·m. 

 

2.5.2 Optoelectronic characterization 

The absorption spectroscopy of the liquid phase exfoliated material and the 
STS measurements on bulk franckeite, suggest that franckeite presents a narrow 
bandgap and, therefore, motivates the application of franckeite as a photodetector 
working in the NIR (they should be able to generate photocurrent upon illumina-
tion with light wavelength as long as ~ 2000 nm). To test the optoelectronic char-
acteristics of our franckeite-based photodetectors, we first study the dependence 
of the Ids-Vg curves on the illumination with a laser source. The measurements,  

Figure 5.33 Current as a function of the applied 
back-gate voltage in dark conditions for the device 
shown in Figure 5.32 (Vds = 150 mV). The gate-
dependence shows a p-type doping, hole conduc-
tion. The first measurement (blue line) was re-
peated after 41 days (pink line), showing a drop of 
5%, yielding a good stability of the device. Inset: 
current-voltage curve with an applied back-gate 
voltage of -40 V. 
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plotted in Figure 5.34a, are carried out using a laser of 640 nm wavelength and 
show that the drain-source current of the photodetector increases with increasing 
light power over the full range of the gate voltage. 

Figure 5.34 (a) Current as a function of the applied back-gate voltage (Vds = 150 mV) for the 
device shown in Figure 5.32 in dark conditions and upon illumination with a 640 nm wavelength 
laser with different powers. (b) Responsivity of the device shown in (a) upon illumination with a 
640 nm wavelength laser as a function of the laser effective power with an applied back-gate 
voltage of Vg = -30 V and Vds = 150 mV. (c) Current as a function of the applied back-gate voltage 
(Vds = 150 mV) for the same device upon ilumination with lasers of different wavelengths at the 
same intensity (Pd = 6.3 mW·cm-2). There is photocurrent generation even at wavelengths as large 
as 940 nm. (d) Photocurrent as a function of the laser wavelengths with the same light intensity 
for back gate voltages of -20 V and +20V and Vds = 150 mV. 
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In order to further characterize the photodetector we calculate the responsivity, 
a typical figure-of-merit for photodetectors that represents the input-output gain of 
the device as a function of the laser effective power reaching the device (Figure 
5.34b). The responsivity (R) is calculated as R = Iph / Peff, where Iph (photocurrent) 
is the difference between the current measured upon illumination and in dark con-
ditions, and Peff is the effective power of the laser that reaches the device (Peff = 
Plaser·Adevice/Aspot). For the device shown in Figure 5.32, upon illumination at 640 
nm, we obtain a maximum responsivity of ~100 mA·W-1 for a laser intensity of 
~30 mW·cm-2. Even if this value is not as high as for other two-dimensional pho-
todetectors, such as monolayer MoS2 (R > 106 mA·W-1) or In2Se3 (R > 107 mA·W-

1) [Lopez-Sanchez, 2013; Zhang, 2013; Island, 2015], it is larger than most of the 
responsivities measured in few-layer black-phosphorus, the two-dimensional pho-
totedector with the narrowest bandgap reported to date [Engel, 2014; Castellanos-
Gomez, 2015] ranging from 0.5 mA·W-1 to 135 mA·W-1 [Buscema, 2014a; 
Buscema, 2014b; Youngblood, 2015]. 

We have also studied the photocurrent generation in franckeite photodetectors 
upon illumination in a wide range of light wavelengths (from 405 nm (UV) to 940 
nm (NIR)). The Ids-Vg curves, measured in dark conditions and upon illumination 
with lasers of different wavelengths (Figure 5.34c), reveal that the device is able 
to generate photocurrent at wavelengths as large as 940 nm, in good agreement 
with the results obtained from the UV-Vis-NIR spectroscopy of the liquid-phase-
exfoliated material. The photocurrents calculated from these measurements for two 
fixed back-gate voltages are plotted in Figure 5.34d. 
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2.6 MoS2-franckeite p-n junction 

Taking advantage of the simplicity of the deterministic transfer method to build 
van der Waals heterostructures [Buscema, 2014b], and the p-doping of franckeite 
(uncommon in 2D-materials), we fabricated a p-n junction (building blocks of 
modern electronics) based on the stacking of mechanically-exfoliated franckeite 
and MoS2 flakes. Figure 5.35a and b show both optical microscopy and AFM 
topographic images of the device, which is represented in an artistic drawing in 
Figure 5.35c: the MoS2 flake is first deposited by deterministic transfer onto a 
SiO2 substrate in contact with one pre-patterned Ti/Au electrode, then a franckeite 
flake is deposited in contact with the other pre-patterned electrode, resulting in a 

Figure 5.35 (a) AFM topographic image of a franckeite-based device. The scan profile yields 
a thickness ranging from 7 nm to 13.5 nm. (b) Optical microscopy image of the device shown in 
(a). (c) Artistic representation of the p-n junction shown in (a). 
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van der Waals heterostructure made of a p-doped material (franckeite) and an n-
doped material (MoS2) in the overlapping region.  

The electronic characterization of the device, carried out in vacuum (P < 10-5 
mbar), at room temperature and in dark conditions, shows diode-like Ids-Vds char-
acteristics for different back-gate voltages (Figure 5.36a). The Ids-Vg curve shown 
in the inset of Figure 5.36a yields a current rectification ratio of 400 and a gate 
threshold voltage of Vth ~ -10 V. To test the optoelectronic properties, the device 
is illuminated with laser spots of 940 nm and 885 nm wavelength, indicating that 
there is photocurrent generation even for zero applied voltage (short circuit current, 
Isc) and that the current is zero for a finite positive applied voltage (open circuit 
voltage, Voc). This phenomena is due to the photovoltaic effect: upon illumination 
at zero applied voltage, the photogenerated electron-hole pairs are separated by an 
internal electric field, generating a photocurrent (Isc) with the same sign as the re-
verse voltage; on the other hand, charge carriers are accumulated at different parts  

Figure 5.36 (a) Diode-like current-voltage (Ids-Vds) curve of the p-n junction in dark conditions 
for different applied back-gate voltages. Inset: gate trace extracted from the Ids-Vds at Vds = 750 
mV. The p-n junction switches on at an applied back-gate voltage of 0 V. (b) Diode-like current-
voltage (Ids-Vds) curve of the p-n junction at an applied back-gate voltage of Vg = 40 V in dark 
conditions and upon illumination with laser of 940 nm and 885 nm wavelength, both with a power 
of 140 µW. The inset highlights the region around Vds = 0 V and Ids = 0 V to show the short-circuit 
current (Isc) and open circuit voltage (Voc) values, obtaining Isc = -27 pA and Voc = 55 mV at 940 
nm, and Isc = -51 pA and Voc = 77 mV at 885 nm. 
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of the device, creating a voltage when the circuit is open (Voc) in the forward volt-
age direction. The photocurrent measured upon illumination with laser spots of 
940 nm and 885 nm wavelength (Figure 5.36b) presents Isc = -27 pA and Voc = 55 
mV at 940 nm, and Isc = -51 pA and Voc = 77 mV at 885 nm. The current voltage 
characteristics for different applied back-gate voltages upon illumination are 
shown in Figure 5.37. 

We also calculate the electrical power harvested by the p-n junction (Figure 
5.38), which reaches the maximum values of Pel,max ~ 0.5 pW upon illumination 
with 940 nm and Pel,max ~ 1.2 pW upon illumination at 885 nm. We should stress 
here that optimizing the performance of franckeite-based p-n junction devices is 
beyond the scope of this work. Nevertheless, these results demonstrate that one 
can exploit the p-type character of franckeite in electronic devices where a narrow 
gap, air-stable, p-type semiconductor is needed. 

Figure 5.37 P-n junction current-voltage characteristics for different back-voltages ranging from 
-40 V to 40 V upon illumination with (a) 940 nm wavelength and (b) 885 nm wavelength. 
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Figure 5.38 P-n junction electrical power harvested in the device, calculated as Pel = │Ids│·Vds 
upon illumination with a laser spot of (a) 940 nm wavelength with a Pel,max ~ 0.5 pW and (b) 885 
nm wavelength with a Pel,max ~ 1.2 pW. 
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3 Conclusions 

The content of this chapter has been dedicated to the study of two-dimensional 
systems consisting of ultrathin semiconductors either synthetized or exfoliated. In 
the first section we studied MoO3 synthetized by the air-pressure chemical vapor 
deposition method explained in Chapter 3. The grown crystals have been charac-
terized by different techniques: XPS, LEED and LEEM, Raman spectroscopy, 
transmission and absorption spectroscopy, AFM, SEM and HRTEM, yielding re-
sults consistent with the orthorhombic α polymorph (α-MoO3). We provide the 
first calculations of the band structure of MoO3 by density functional theory find-
ing that the bulk material shows a monolayer-like band structure. The extended 
layers of ultrathin crystals have been used to fabricate field-effect devices and to 
study the optical response of the material by illumination with a 405 nm wave-
length laser, finding responsivity values as high as 30 mA·W-1 for a power density 
of 13 mW·cm-2. These results open the door for interesting applications of large-
scale and ultrathin transition metal oxides photodetectors in fields like transparent 
coatings or smart windows with absorption in the UV. Finally, the grown MoO3 
crystals are also used as an electron acceptor in a mechanically exfoliated MoS2-
based field-effect transistor to create self-driven photodetectors. 

In the second section we have studied franckeite. We have shown that bulk 
franckeite can be exfoliated both mechanically and in liquid phase to afford the 
first naturally-occurring quasi 2D van der Waals heterostructure. The structure and 
properties of ultrathin flakes of franckeite have been studied extensively from both 
theory and experiment. Franckeite nanosheets show a very narrow bandgap < 0.7 
eV and p-type conductivity, and are highly stable under ambient conditions, both 
as mechanically exfoliated flakes and as colloidal suspensions. These features 
make it a unique addition to the still rather small library of 2D materials. As vali-
dation for its potential technological application, we have constructed prototype 
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photodectectors based on mechanically exfoliated few-layers crystals, as well as a 
p-n junction made by stacking a MoS2 flake and a franckeite flake. 
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6 
GENERAL CONCLUSIONS 

This thesis has been dedicated to study the properties of novel semiconducting 
nanomaterials which could be used as an alternative to the common bulk semicon-
ductors in electronic and optoelectronic applications. The approach followed to 
understand these materials and go in depth into their properties starts by character-
izing the materials (crystal structure, chemical composition, topographic fea-
tures…) and continues by investigating their band structure and optical properties, 
determining the energy gap between the valence and conductions bands, i.e., the 
bandgap, as well as the nature of the doping and conduction type (n-type or p-
type). Once the material is characterized, the electronic transport and photore-
sponse upon light exposure are investigated with the aim to better understand the 
mechanisms governing these phenomena in nanomaterials. Four different nano-
materials have been studied during this thesis: titanium trisulfide (TiS3) and tita-
nium dioxide (TiO2) in one-dimensional systems, and molybdenum trioxide 
(MoO3) and franckeite in two-dimensional systems. Most of these materials are 
well known in their bulk form, but still little work has been done in a low-dimen-
sional configuration, motivating the study of their properties and performance as 
implemented in nanodevices. 
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One of the first steps when working with new materials is the study of different 
methods that allow to fabricate high quality samples. At the beginning of this man-
uscript, the basis of the first methods employed in the fabrication of low-dimen-
sional materials, such as the Scotch tape method, that allows to obtain high quality 
two-dimensional crystals, are reviewed. Although this method is highly efficient 
in the fabrication of two-dimensional nanomaterials, it can still be improved, es-
pecially regarding the manipulation of the crystals. Therefore, techniques that 
complement the Scotch tape method are very necessary, for example, the improve-
ment of mechanical exfoliation by using different kinds of adhesive tapes and vis-
coelastic materials or the deterministic transfer to effectively transfer the exfoliated 
materials on arbitrary substrates. These techniques have been deeply studied and 
employed during this thesis in order to improve the quality and the manipulation 
of the fabricated samples. Nevertheless, mechanical exfoliation lacks on the con-
trol of the lateral dimensions of the fabricated crystals (usually limited to tens of 
micrometers) and, therefore, synthesis methods that yield large-area nanomaterials 
usually follow the discovery of such materials. Working also in that direction, an 
air-pressure chemical vapor deposition method has been developed during this the-
sis that allows to obtain centimeter-scale and ultrathin crystals of transition metal 
oxides in an easy and short-time synthesis process, obtaining for the first time large 
and ultrathin layers of MoO3, a material of high interest for applications requiring 
transparent and flexible semiconductors. 

Learning about the properties of new materials that could be employed in elec-
tronic and optoelectronic applications necessarily requires the study of their per-
formance in functional devices. Although this thesis is not meant to the develop-
ment of highly optimized devices, the study of the electronic transport and pho-
toresponse mechanisms working in nanomaterials have been carried out in elec-
tronic nanostructures that allow to better understand the physics behind these pro-
cesses. Therefore, nanofabrication techniques such as electron-beam lithography 
and metallic layer deposition have been employed in the fabrication of electronic 
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and optoelectronic nanodevices and are also explained at the beginning of this the-
sis. 

With the fabrication techniques already understood, now it is time to move to 
the experimental techniques that serve to deeply study the materials presented in 
this work. The first step to access the physical properties of semiconductors is to 
study both their crystal and band structures. For that purpose, scanning tunneling 
microscopy and spectroscopy (STM and STS, respectively), X-ray photoelectron 
spectroscopy (XPS), low energy electron diffraction (LEED) and transmission 
electron microscopy (TEM) have been employed to electrically and chemically 
characterize the materials, as well as to obtain information of their crystal structure. 
Although these techniques only provide information about their surface, nano-
materials present a large surface-to-volume ratio and, therefore, the characteriza-
tion of their surface give a well understanding, or at least serve as a good starting 
point, of the material properties and composition. Nevertheless, the most studied 
phenomena in these new materials during this thesis are their electronic transport 
and optical properties, and most of the studies are performed in functional devices. 
For that purpose, the working principles of functional devices based on semicon-
ducting materials are studied together with the characterization techniques already 
mentioned, giving a more complete picture of the properties of each material. As 
a complement to the experimental results, density functional theory (DFT) calcu-
lations of the physical phenomena, performed by collaborators, are usually com-
pared with the experimental findings in order to get a deeper understanding of the 
measurements.  

The electronic transport and optical properties of nanomaterials are first stud-
ied during this thesis in one-dimensional systems. To begin with, the band structure 
of TiS3 (a layered material with ribbon-like shape) is investigated. It is found that 
TiS3 has an electronic bandgap of 1.2 eV and the valence and conduction bands 
are separated ~ -0.64 eV and ~ 0.47 eV from the Fermi level, respectively, indicat-
ing that the intrinsic doping of the material is n-type. Interestingly, the electronic 
bandgap of TiS3 defers from the optical bandgap (1.07 eV) by 130 meV, meaning 
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that the exciton binding energy is quite large when compared with common semi-
conductors, making TiS3 a highly interesting material for studying physical exci-
tonic phenomena. TiS3 has also been found to show remarkable characteristics for 
applications in field-effect transistors (FETs) and photodetectors, with high elec-
tron mobility or ultrahigh photoresponse to near-infrared (NIR) light. Therefore, it 
is interesting to deeper study the electronic transport of the material in such 
nanodevices. To that matter, the maximum current density that TiS3 FETs can 
stand has been investigated, finding that it is amongst the highest measured in na-
nomaterials (1.7·106 A/cm2). The behavior of the maximum current density in TiS3 
as a function of the resistivity (which is found to change from one device to the 
other, probably due to the presence of defects) suggests that the creation or the 
presence of defects triggers the electrical breakdown of the material. By further 
investigating the thermal stability of the material, it is found that the ambient oxy-
gen atoms, or even the ones adsorbed on the surface, are responsible for creating 
sulfur vacancies that may trigger this breakdown. Nevertheless, these results sug-
gest that TiS3 is a highly interesting material for electronic applications requiring 
high current densities. 

Continuing with the electronic transport in one-dimensional materials, the next 
material to be investigated is TiO2 in a nanofiber (or nanowire) configuration. TiO2 
is a wide bandgap semiconductor that doesn’t show remarkable transport charac-
teristics, but it is highly interesting from an optoelectronic point of view. When 
investigating the response to ultraviolet (UV) light, it is found to show a high re-
sponsivity (90 A/W) when compared to other materials from the same family, i.e., 
transition metal oxides, and its dependence with the incident light intensity sug-
gests that the photocurrent generation is due to a combination of photoconductive 
and photogating effects. The electronic transport and photoresponse of the material 
is investigated in different atmosphere, finding evidence that ambient oxygen and 
water molecules adsorbed no the surface play an important role in the optoelec-
tronic response of the material. It is also found that the photoresponse depends on 
the polarization of the incident light, with stronger photoresponse to light polarized 
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parallel to the fiber. This is a merely geometrical effect that takes place in nan-
owires when the radius of the wire is comparable to the light wavelength, causing 
a higher absorption of parallel polarized light. Taken together, these results shed 
some light on the photocurrent generation mechanisms occurring in oxide-based 
nanowires and provides a deeper understanding of the optoelectronic properties of 
one-dimensional semiconductors. 

The next step in the study of the electronic transport and optoelectronic re-
sponse in nanomaterials is to move from one-dimensional to two-dimensional sys-
tems. The first material to be studied is MoO3, a transition metal oxide with a rel-
atively small bandgap (< 2.7 eV) which has not been isolated in a two-dimensional 
configuration before. It is found that MoO3 synthetized by the air-pressure chemi-
cal vapor deposition method mentioned before presents centimeter-scale surface, 
but its thickness remains in the few-nanometer range. The investigation of its band 
structure and optical properties yields two bandgaps of 2.2 eV (indirect) and 3.3 
eV (direct) both in the monolayer and in bulk. The nature of these two bandgaps 
make the ultrathin material transparent to visible light, but able to absorb in the 
UV, characteristic that has been used to fabricate large area devices. The electronic 
transport is found to be weakly dependent on the field-effect, probably to a high 
doping, but the photoresponse to UV light yields a good responsivity (30 mA/W), 
although it presents a slow time response attributed to a strong photogating mech-
anism governing the photocurrent generation. Nevertheless, MoO3 shows an inter-
esting surface doping capacity to p-dope other materials. Here, one of the two elec-
trodes in a MoS2-based photodetector is covered by MoO3, reducing the Schottky 
barrier between the MoS2 crystal and the metallic electrode that results in an accu-
mulation of photoexcited holes when the device is illuminated. These holes are 
then able to cross the Schottky barrier, creating a net current even at zero applied 
bias voltage. The results obtained by studying MoO3 not only set a basis for the 
synthesis of large-scale two-dimensional transition metal oxides, but also moti-
vates the study of charge transfer and photocurrent generation mechanisms in two-
dimensional materials in order to create more complex structures that combine dif-
ferent nanomaterials with new physical properties. 
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Going further in the study of the physical properties of complex structures in-
cluding layered two-dimensional materials, a naturally occurring van der Waals 
heterostructure has been investigated during this thesis: franckeite. The crystal 
structure of franckeite consists of the alternate stacking of pseudohexagonal and 
pseudotetragonal layers, interacting by van der Waals forces and including com-
pounds based on SnS2 and PbS with substituting atoms of Sb and Fe that p-dope 
the material. The investigation of the band structure of Franckeite is found to show 
a type II van der Waals heterostructure nature, in which the conduction band cor-
responds to one of the two layers and the valence band to the other one, a highly 
interesting feature regarding the study of photogeneration mechanisms in two-di-
mensional materials, since in type II van der Waals heterostructures the photoex-
cited electrons and holes appear in a different layer, although this is just a theoret-
ical approach and more work is needed to better understand the band structure. 
Franckeite also shows a narrow bandgap (< 0.7 eV) that allows the material to 
absorb light with low photon energy (very rare feature in two-dimensional materi-
als) and motivates the study of the electronic transport and photoresponse in the 
material. It is found, as it also happens in MoO3, that the field-effect characteristics 
of this material are rather weak, mostly due to the high doping provided by the 
substitutional Sb atoms. Nevertheless, franckeite is able to generate photocurrent 
upon illumination in the NIR, characteristic that is not common in two-dimensional 
semiconductors. It has also been demonstrated in this work that franckeite can be 
used in combination with n-type semiconductors to fabricate p-n junctions based 
on two-dimensional materials. 

In summary, the electronic and optoelectronic properties of nanomaterials have 
been investigated in different systems in order to obtain a deeper understanding of 
the novel phenomena occurring in this young field of low-dimensional systems. 
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Conclusiones generales 
El trabajo presentado en esta tesis está enfocado al estudio de nuevos nanoma-

teriales semiconductores que podrían ser empleados como alternativa a los semi-
conductores convencionales en aplicaciones de electrónica y optoelectrónica. El 
procedimiento seguido para entender estos materiales y profundizar en sus propie-
dades comienza por la caracterización de los materiales (estructura cristalina, com-
posición química, características topográficas…) y continúa por investigar su es-
tructura de bandas y sus propiedades ópticas, determinando la diferencia en energía 
entre su banda de valencia y de conducción (bandgap), así como la naturaleza de 
su dopaje y tipo de conducción (tipo n o tipo p). Una vez el material ha sido carac-
terizado, se investiga el transporte electrónico y la fotorespuesta frente a exposi-
ción a la luz con el objetivo de obtener una mayor comprensión de los mecanismos 
que gobiernan estos fenómenos en nanomateriales. Durante esta tesis se ha estu-
diado cuatro nanomateriales: trisulfuro de titanio (TiS3) y dióxido de titanio (TiO2) 
en sistemas unidimensionales, y trióxido de molibdeno (MoO3) y franckeita en 
sistemas bidimensionales. Muchos de estos materiales han sido extensamente es-
tudiados en volumen, pero se ha trabajado poco con ellos en una configuración de 
baja dimensionalidad, motivando el estudio de sus propiedades y rendimiento al 
ser implementados en nanodispositivos. 

Uno de los primeros pasos al trabajar con nuevos materiales es el estudio de 
diferentes métodos que permitan la fabricación de muestras de alta calidad. Al co-
mienzo de este manuscrito se expone la base de los primeros métodos empleados 
en la fabricación de materiales de baja dimensionalidad, como el método Scotch 
tape, que permite obtener cristales bidimensionales de alta calidad. A pesar de que 
este método es muy eficiente en la fabricación de nanomateriales bidimensionales, 
puede ser mejorado, especialmente en lo que refiere a la manipulación de los cris-
tales. Por tanto, técnicas complementarias al método Scotch tape son necesarias, 
por ejemplo, la mejora de la exfoliación mecánica mediante el uso de distintos 
adhesivos y materiales viscoelásticos o la transferencia determinista para transferir 
los materiales exfoliados sobre sustratos arbitrarios. Estas técnicas han sido estu-
diadas y empleadas durante esta tesis con el objetivo de aumentar la calidad y la 
manipulación de las muestras fabricadas. Sin embargo, las técnicas de exfoliación 
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mecánica carecen de control sobre las dimensiones laterales de los cristales fabri-
cados (normalmente limitada a decenas de micrómetros) y, por tanto, diversos mé-
todos para la síntesis de nanomateriales con amplia superficie son desarrollados 
tras el descubrimiento de dichos materiales. Trabajando también en esta dirección, 
durante esta tesis se ha desarrollado un método de deposición química de vapor a 
presión ambiente, que permite obtener cristales ultradelgados a escala de centíme-
tros (en dimensiones laterales) de óxidos de metales de transición, en un proceso 
sencillo y de corta duración, obteniendo por primera vez capas ultradelgadas y ex-
tensas de MoO3, un material de gran interés en aplicaciones que requieren semi-
conductores flexibles y transparentes. 

Aprender sobre las propiedades de nuevos materiales que son susceptibles de 
ser empleados en electrónica y optoelectrónica necesariamente requiere el estudio 
de su rendimiento en dispositivos funcionales. A pesar de que esta tesis no está 
dedicada al desarrollo de dispositivos optimizados, el estudio del transporte elec-
trónico y los mecanismos de fotorespuesta actuando en nanomateriales ha sido lle-
vado a cabo en nanoestructuras electrónicas que permiten una mayor comprensión 
de los fenómenos físicos tras estos procesos. Por tanto, se expone al comienzo de 
esta tesis diversas técnicas de nanofabricación como litografía de haz de electrones 
y depósito de capas metálicas que han sido empleadas en la fabricación de nanodis-
positivos electrónicos y optoelectrónicos. 

Una vez se ha entendido las técnicas de fabricación, es momento de pasar a las 
técnicas experimentales que sirven para estudiar en profundidad los materiales pre-
sentados en esta tesis. El primer paso para acceder a las propiedades físicas de 
semiconductores es estudiar tanto su estructura cristalina como su estructura de 
bandas. Para ello, microscopía y espectroscopia de efecto túnel (STM y STS, res-
pectivamente, por sus siglas en inglés), espectroscopia de fotoelectrones emitidos 
por rayos X (XPS, por sus siglas en inglés), difracción de electrones de baja energía 
(LEED, por sus siglas en inglés) y microscopía electrónica de transmisión (SEM, 
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por sus siglas en inglés) han sido empleadas para caracterizar eléctrica y química-
mente los materiales, así como para obtener información sobre su estructura cris-
talina. A pesar de que estas técnicas proporcionan información únicamente sobre 
su superficie, los nanomateriales presentan una alta proporción superficie-volumen 
y, por tanto, la caracterización de su superficie sirve para entender bastante bien, o 
al menos sirve como un buen punto de partida, las propiedades y composición de 
los materiales. Sin embargo, las propiedades más estudiadas de estos materiales 
durante esta tesis son el transporte electrónico y las propiedades ópticas, por lo que 
muchos de los estudios han sido llevados a cabo en dispositivos funcionales. Por 
ello, los principios de funcionamiento de dispositivos funcionales basados en se-
miconductores son estudiados junto a las técnicas de caracterización ya menciona-
das, proporcionando una imagen más completa de las propiedades de cada mate-
rial. De manera complementaria a los resultados experimentales, cálculos realiza-
dos en el marco de la teoría del funcional de la densidad (DFT, por sus siglas en 
inglés) de los fenómenos físicos, realizados por colaboradores, son comparados 
con los resultados experimentales con el objetivo de obtener una mayor compren-
sión de las medidas. 

El transporte electrónico y las propiedades ópticas de nanomateriales son estu-
diados en esta tesis, en primer lugar, en sistemas unidimensionales. Para comenzar, 
se estudia la estructura de bandas del TiS3, un material laminado con forma de 
nanocinta, encontrando que el TiS3 presenta un bandgap electrónico de 1.2 eV, 
con la banda de valencia y la de conducción separadas una energía de ~ -0.64 eV 
y ~ 0.47 eV, respectivamente, del nivel de Fermi, lo que indica que el material 
posee un dopaje intrínseco tipo n. El bandgap electrónico difiere del bandgap óp-
tico (1.07 eV) una energía de 130 meV, lo que indica que la energía de ligadura 
del excitón es considerablemente alta en comparación con los semiconductores 
convencionales, convirtiendo al TiS3 en un material muy interesante para el estudio 
de fenómenos físicos excitónicos. Se ha hallado en trabajos previos que el TiS3 
presenta un notable rendimiento en aplicaciones como transistor de efecto campo 
(FET, por sus siglas en inglés) y en fotodetectores, con una alta movilidad de elec-
trones o una fotorespuesta ultra-alta a luz en el infrarrojo cercano (NIR, por sus 
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siglas en inglés). Por tanto, es interesante indagar en el estudio del transporte elec-
trónico de este material en nanodispositivos. Para ello, se estudia en esta tesis la 
densidad de corriente máxima que los FETs basados en TiS3 son capaces de trans-
portar, encontrando que es de las mayores densidades de corriente medidas en 
nanomateriales (1.7·106 A/cm2). El comportamiento de la densidad de corriente 
máxima en el TiS3 en función de su resistividad (la cuál varía de un dispositivo a 
otro, probablemente debido a la presencia de defectos) sugiere que la creación o 
presencia de defectos provoca la ruptura eléctrica del material. Una investigación 
más profunda de la estabilidad térmica del material muestra que átomos de oxíge-
nos presentes en la atmósfera, o incluso adsorbidos sobre la superficie, son respon-
sables de la creación de vacantes que pueden provocar dicha ruptura. Estos resul-
tados sugieren que el TiS3 es un material altamente interesante para aplicaciones 
en electrónica que requieran altas densidades de corriente. 

Continuando con el transporte electrónico en materiales unidimensionales, el 
siguiente material en ser estudiado es el TiO2 en una configuración de nanofibra (o 
nanohilo). El TiO2 es un semiconductor de bandgap ancho que no muestra carac-
terísticas de transporte muy notables, pero es realmente interesante desde un punto 
de vista optoelectrónico. Al investigar la respuesta a luz ultravioleta (UV), se en-
cuentra que el TiO2 muestra una alta responsividad (90 A/W) al ser comparado con 
otros materiales de la misma familia, es decir, óxidos de metales de transición, y 
su dependencia con la intensidad de la luz incidente sugiere que el mecanismo de 
generación de fotocorriente se debe a una combinación del efecto fotoconductivo 
y photogating. El transporte electrónico y la fotorespuesta de este material ha sido 
estudiado in diferentes atmósferas, encontrando evidencias de que las moléculas 
de oxígeno y agua presentes en el ambiente o adsorbidas en la superficie juegan un 
importante papel en la respuesta optoelectrónica del material. También se ha ha-
llado que la fotorespuesta depende de la polarización de la luz incidente, con una 
respuesta más intensa a la luz polarizada paralelamente a la fibra. Éste es un fenó-
meno básicamente geométrico que se da en nanohilos con un radio comparable a 
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la longitud de onda la luz incidente, provocando una mayor absorción de luz pola-
rizada paralelamente. En conjunto, estos resultados arrojan algo de luz sobre los 
mecanismos de generación de fotocorriente en nanohilos basados en óxidos y pro-
porciona una mayor comprensión de las propiedades optoelectrónicas de semicon-
ductores unidimensionales. 

El siguiente paso en el estudio del transporte electrónico y la respuesta optoe-
lectrónica en nanomateriales consiste en pasar de sistemas unidimensionales a sis-
temas bidimensionales. El primer material bidimensional en ser estudiado durante 
esta tesis es el MoO3, un óxido de metales de transición con un bandgap relativa-
mente pequeño (< 2.7 eV) que no ha sido aislado previamente en una configuración 
bidimensional. Se ha hallado que el MoO3 sintetizado por el método de depósito 
químico de vapor a presión ambiente mencionado anteriormente presenta una su-
perficie en la escala de centímetros, pero su espesor se mantiene en el rango de 
unos pocos nanómetros. El estudio de su estructura de bandas y sus propiedades 
ópticas muestra dos bandgaps de 2.2 eV (indirecto) y 3.3 eV (directo) tanto en el 
material en volumen como en la monocapa. La naturaleza de estos dos bandgaps 
provoca que el material ultradelgado sea transparente a la luz visible pero absorba 
en el UV, característica que ha sido empleada en la fabricación de dispositivos de 
amplia superficie. El transporte electrónico depende débilmente con el efecto 
campo en FETs, probablemente debido a un alto dopaje, pero la fotorespuesta al 
UV muestra una responsividad bastante buena (30 mA/W), aunque presenta tiem-
pos de respuesta algo lentos, atribuido a un fuerte efecto photogating gobernando 
el mecanismo de fotogeneración de corriente. Sin embargo, el MoO3 muestra una 
interesante capacidad para dopar tipo p la superficie de otros materiales. Durante 
esta tesis, uno de los electrodos de un fotodetector basado en MoS2 ha sido recu-
bierto con MoO3, reduciendo así la barrera Schottky entre el cristal de MoS2 y el 
electrodo metálico, resultando en una acumulación de huecos fotoexcitados 
cuando el dispositivo es iluminado. Estos huecos son capaces de cruzar la barrera 
Schottky, creando una corriente neta incluso a voltaje aplicado nulo. Los resulta-
dos obtenidos del estudio del MoO3 no sólo sientan una base para la síntesis de 
materiales bidimensionales con gran superficie basados en óxidos de metales de 
transición, sino que también motiva el estudio de la transferencia de carga y los 
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mecanismos de fotogeneración de corriente en materiales bidimensionales, con el 
objetivo de crear estructuras más complejas que combinen distintos nanomateria-
les con nuevas propiedades físicas. 

Profundizando en el estudio de las propiedades físicas de estructuras complejas 
compuestas por materiales laminados, se estudia en esta tesis una heteroestructura 
de van der Waals que se da de forma natural: franckeita. La estructura cristalina de 
la franckeita consiste en el apilamiento de forma alternada de capas pseudohexa-
gonales y pseudotetragonales, interactuando por fuerzas de van der Waals y que 
incluyen compuestos basados en disulfuro de estaño (SnS2) y sulfuro de plomo 
(PbS), con átomos sustitutivos de Sb y Fe que dopan tipo p el material. El estudio 
de la estructura de bandas de la franckeita muestra que se trata de una heteroes-
tructura de van der Waals tipo II, en la que la banda de valencia corresponde a una 
de las capas y la de conducción a la otra, una característica realmente interesante 
en cuanto al estudio de los mecanismos de fotogeneración de corriente en materia-
les bidimensionales, ya que en las heteroestructuras de van der Waals de tipo II los 
electrones y huecos fotoexcitados aparecen en capas distintas, aunque esto es sim-
plemente un estudio teórico y se requiere de una investigación más profunda para 
entender mejor la estructura electrónica de la franckeita. La franckeita también 
presenta un bandgap estrecho (< 0.7 eV) que permite al material absorber luz con 
energía de fotón baja (una característica poco común en materiales bidimensiona-
les) y motiva el estudio del transporte electrónico y la fotorespuesta en el material. 
También se ha hallado, al igual que ocurre en el MoO3, que las características de 
efecto campo de la franckeita son bastante débiles, probablemente debido al alto 
dopaje proporcionado por los átomos sustitutivos de Sb. Sin embargo, la franckeita 
es capaz de generar fotocorriente frente a iluminación con luz en el NIR, caracte-
rística también poco común en semiconductores bidimensionales. También se ha 
demostrado en este trabajo que la franckeita puede ser empleada en combinación 
con semiconductores tipo n para fabricar uniones p-n basadas en materiales bidi-
mensionales. 
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En resumen, las propiedades electrónicas y optoelectrónicas de nanomateriales 
han sido estudiadas en distintos sistemas con el objetivo de obtener una compren-
sión más profunda de los novedosos fenómenos que se dan en este joven campo 
de los materiales de baja dimensionalidad. 
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A 
STM ELECTRONICS 

In this appendix we will shortly review the electronics of an scanning tunneling 
microscope (STM), including as well the control system (PID) used to move the 
tip over the sample and control its position in relation to the variations in the tun-
neling current.  

1 STM electronics 

In Figure A.1 we show an artistic representation of the STM electronics oper-
ating at room temperature and in air. The STM is in situ controlled by the user 
from a computer with homemade software. The communication between the com-
puter and the electronics is done through a multifunctional card (National Instru-
ments PCI-7833R) with 8 analog inputs and 8 analog outputs and a FPGA module. 
The analog inputs are used to obtain the signals coming from the STM and the 
outputs to send the signals employed in the piezotube motion, which are further 
amplified by homemade voltage amplifiers (Servicios Generales de Apoyo a la 
Investigación Experimental, Segainvex, Universidad Autónoma de Madrid, 
Spain).  
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Figure A.1 Schematic drawing of the STM electronics. 

 

1.1 Current to voltage amplifier 

The measured signal in an STM is the tunneling current flowing between the 
tip and the sample, but the multifunctional card only works with voltages, thus it 
is necessary to convert the current into voltage in order for the working to be able 
to work with it. To that matter, a homemade current to voltage amplifier is used to 
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convert the tunneling current into voltage (Servicios Generales de Apoyo a la In-
vestigación Experimental, Segainvex, Universidad Autónoma de Madrid, Spain). 
In Figure A.2 we show an schematic diagram of the circuit employed in a cur-
rent/voltage converter [Evangeli, 2014]. The current/voltage amplifier converts the 
current into voltage via an OPA627BP amplifier with a variable gain (RG = 104 - 
109 V/A) which gives an output voltage (Vout) proportional to the input current (Iin) 
as Vout = RG·Iin. 

Figure A.2 Schematic drawing of the circuit present in the current-voltage amplifier where the 
output voltage is proportional to the input current as Vout = RG·Iin. 

 

2 PID controller 

As commented in Chapter 3, scanning a surface with an STM requires con-
trolling the tip motion over the sample by monitoring the tunneling current, which 
is compared with a defined setpoint (when scanning in constant current mode). The 
error obtained between the measured current and the setpoint current is analyzed 
by a feedback loop system which usually consists of a proportional-integral-differ-
ential (PID) controller [Wiesendanger, 1994], digitally integrated in the user com-
puter. The controller tries to minimize the error over time by adjusting the tip po-
sition over the sample (tip-sample distance) to set a new current value given by: 
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𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝐾𝐾𝑃𝑃𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝐼𝐼 � 𝑒𝑒(𝜏𝜏)𝑑𝑑𝜏𝜏 +  𝐾𝐾𝐷𝐷
𝑑𝑑
𝑑𝑑𝑡𝑡
𝑒𝑒(𝑡𝑡)

𝑜𝑜

0
 

Equation A.1 

Where KP, KI and KD is are the coefficients for the proportional, integral and 
derivative terms, respectively, and e(t) is the error value. The proportional term 
accounts for present values of the error, generating an output with the same sign 
as the input. The integral term considers past values of the error by integrating the 
error over time and thus the error accumulates. The derivative term takes into ac-
count possible future values of the error based on the current value. In an STM, the 
derivative term is not commonly used because it can give instabilities, been the 
most used term the integral. 

Once the feedback signal is generated, it is sent to the high voltage amplifiers 
that generate the voltage applied in the piezotube to control the elongation in the z 
direction. The x and y directions are controlled by automatized voltage ramps ap-
plied to the ±x and ±y piezotube electrodes, without any feedback control.  
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B 
TIO2 PHOTODETECTORS 

In this appendix we provide the optoelectronic characterization of two TiO2 
nanofibers UV-photodetectors, apart from the one characterized in Chapter 4. The 
fabrication process followed to fabricate and characterize these photodetectors is 
the same as the one explained in Chapter 4. The results shown in this appendix 
have been obtained as a collaboration in the master thesis of Patricia Gant and 
Sergio Gonzalez-Abad (Dr. Andres Castellanos-Gomez group, Imdea Nanosci-
ence, Spain). 

 

1 First photodetector 

In Figure B.1a we show an scanning electron microscopy (SEM) image of one 
TiO2 nanofiber-based photodetector. The TiO2 nanofiber is placed in contact with 
pre-patterned Au electrodes on a SiO2/Si+ substrate. The current-voltage curves in 
dark conditions and upon illumination with light wavelength of 375 nm and in-
creasing light power is shown in Figure B.1b. The generated photocurrent as a 
function of the light power is shown in the inset of Figure B.1b, showing a power 
law dependence. The photocurrent as a function of the light wavelength is shown 
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in Figure B.1c, where we that the maximum photocurrent achieved for an applied 
voltage of 10 V is ~ 60 A, while the maximum responsivity (inset) of the device is 
~ 20 A·W-1, 4-5 times lower than the one measured in the device of Chapter 4. 

Figure B.1 (a) SEM image of a TiO2 photodetector. (b) Current-voltage characteristics upon 
illumination with light wavelength 375 nm excitation for increasing light power up to 35 μW. 
Upper inset shows the current-voltage characteristics in a semilogarithmic plot. Lower inset shows 
photocurrent for increasing powers. The solid line is a power law fit. (c) Photocurrent measured 
as a function of different laser wavelengths (P = 15 μW). Measurements are taken at Vds = 10 V. 
Inset shows a semilogarithmic plot of the responsivity as a function of the wavelength. Solid lines 
are guides. 

In Figure B.2 we show the time response of the same device, where we find 
rise and fall times similar to the ones measured in the device of Chapter 4.
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Figure B.2 Current time response of the device shown in Figure B.1 under a 100 mHz modu-
lated optical excitation (λ = 375nm) for increasing laser powers up to 35 μW. Measurements are 
taken at Vds = 10 V. 

 

2 Second photodetector 

In ¡Error! No se encuentra el origen de la referencia.a we show an scanning 
electron microscopy (SEM) image of one TiO2 nanofiber-based photodetector. The 
TiO2 nanofiber is placed in contact with pre-patterned Au electrodes on a SiO2/Si+ 
substrate. The current-voltage curves in dark conditions and upon illumination 
with light wavelength of 375 nm and increasing light power is shown in ¡Error! 
No se encuentra el origen de la referencia.b. 
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Figure B.3 (a) SEM image of a TiO2 photodetector. (b) Current-voltage characteristics upon illu-
mination with light wavelength 405 nm excitation for increasing light powers up to 250 μW. The 
inset shows the current-voltage characteristics in a semilogarithmic plot. 
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C 
FRANCKEITE PHOTODETECTOR 

In this appendix we provide the optoelectronic characterization of one francke-
ite photodetector, apart from the one characterized in Chapter 5. The fabrication 
process followed to fabricate and characterize this photodetector is the same as the 
one explained in Chapter 5. Figure C.1 shows both optical microscopy and 
atomic force microscopy topographic images of the device (with a thickness rang-
ing from ~7 nm to ~10 nm). 

Figure C.1 (a) AFM topographic image of a franckeite-based device. The scan profile yields a 
thickness ranging from 7.2 nm to 9.8 nm. (b) Optical microscopy image of the device shown in 
(a). 
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1 Electronic characterization 

The electronic characterization 
has been carried out as in Chapter 
5. Figure C.2 shows the Ids-Vg 
curve for the device shown in Fig-
ure C.1 measured in dark condi-
tions, high vacuum (P < 10-5 mbar) 
and with an applied Vds = 150 mV.  
The gate dependence of this device 
is smaller than the one shown in 
Chapter 5, but it is possible to see 
the p-type doping as the drain-
source current slightly decreases 
with the gate voltage. 

 

2 Optoelectronic characterization 

To test the optoelectronic characteristics of our franckeite-based photodetec-
tor, we first study the dependence of the Ids-Vg curves on the illumination with a 
laser source. The measurements, plotted in Figure C.3a, are carried out using a 
laser of 640 nm wavelength and show that the drain-source current of the photo-
detector increases with in-creasing light power over the full range of the gate volt-
age. We also calculate the responsivity (R) as explained in Chapter 2 as R = Iph /  

Figure C.2 Current as a function of the applied 
back-gate voltage in dark conditions for the device 
shown in Figure C.1 (Vds = 150 mV). The gate-
dependence shows a p-type doping, hole conduc-
tion. Inset: current-voltage curve with an applied 
back-gate voltage of -40 V. 
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Peff, where Iph (photocurrent) is the difference between the current measured upon 
illumination and in dark conditions, and Peff is the effective power of the laser that 
reaches the device (Peff = Plaser·Adevice/Aspot). We obtain a responsivity of ~250 
mA·W (Figure C.3b) for a laser intensity of ~30 mW·cm-2, in good agreement 
with the responsivity obtained for the photodetector shown in Chapter 5. 

Figure C.3 (a) Current as a function of the applied back-gate voltage (Vds = 150 mV) for the 
device shown in Figure C.1 in dark conditions and upon illumination with a 640 nm wavelength 
laser with different powers. (b) Responsivity upon illumination with a 640 nm wavelength laser 
as a function of the laser effective power with an applied back-gate voltage of Vg = -30 V and Vds 
= 150 mV. (c) Current as a function of the applied back-gate voltage (Vds = 150 mV) for the same 
device upon ilumination with lasers of different wavelengths at the same intensity (Pd = 6.3 
mW·cm-2). There is photocurrent generation even at wavelengths as large as 940 nm. (d) Photo-
current as a function of the laser wavelengths with the same light intensity for back gate voltages 
of -20 V and +20V and Vds = 150 mV. 
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Finally, we study the photocurrent generation in this franckeite-based phototo-
dector (Figure C.3c) and again we see photocurrent upon illumination with light 
wavelength from 405 nm (UV) to 940 nm (NIR). The photocurrents calculated 
from these measurements for two fixed back-gate voltages are plotted in Figure 
C.3d. 
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D 
B-P PHOTODETECTOR 

In this appendix we study the optoelectronic properties of black-phosphorus 
(b-P), a narrow bandgap two-dimensional semiconductor which presents interest-
ing electronic and optical properties like ambipolar field-effect or high carrier mo-
bility [Koenig, 2014; Li, 2014; Liu, 2014; Castellanos-Gomez, 2015; Wang, 2015]. 
Among its interesting properties, the sizeable bandgap is probably the most attrac-
tive feature of b-P, strongly depending on the number of layers: from 2 eV in the 
single layer up to 0.3 eV in bulk [Castellanos-Gomez, 2015]. This change in the 
bandgap with the number of layers makes b-P and interesting candidate for certain 
applications which might require a tunable bandgap. For instance, one of the ap-
plications in which b-P could be a great candidate is in optical fiber communica-
tions where a narrow bandgap is necessary and thus photodetectors based on this 
material need to be developed and optimized. In this appendix we show a photo-
detector based on few-layer b-P working with light wavelengths as large as 1500 
nm, fabricated and studied as a collaboration in the bachelor thesis of Luis 
Vaquero-Garzon (Dr. Andres Castellanos-Gomez group, Imdea Nanoscience, 
Spain) [Vaquero Garzón, 2016] and included in a published article afterwards 
[Quereda, 2016]. 
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1 Few-layer b-P photodetector 

We have studied the photoresponse of a photodetector based on few-layer 
black-phosphorus. The photodetector is fabricated by deterministic transfer of the 
mechanically exfoliated material on pre-patterned Au electrodes on SiO2/Si+ 
[Castellanos-Gomez, 2014]. Briefly, the bulk material is exfoliated with an adhe-
sive tape (Nitto tape), obtaining the exfoliated source material which is subse-
quently exfoliated with a polydimethylsiloxane (PDMS, Gelfilm from Gelpak) 
stamp. Several flakes with different thicknesses remain adhere to the stamp and 
their thickness can identified by optical microscopy in transmission mode. The 
desired flake is then deterministically transferred on the substrate, consisting of 
two Ti/Au (5 nm / 50 nm) electrodes, separated 10 µm, which have been previously 
patterned by electron-beam induced shadow-mask evaporation on a SiO2 layer 
(285 nm) thermally grown on a highly p-doped Si substrate. The sample is then 
annealed at 100 ºC in vacuum (P ~ 1 mbar) during 20 minutes to improve the elec-
trical contact between the flake and the electrodes. In Figure D.1a we can see an 
optical microscopy image of the fabricated device. 

The optoelectronic characterization is performed in a homemade probe station 
operating in ambient conditions (air atmosphere), right after sample preparation to 
avoid degradation of the material [Joshua, 2015]. Figure D.1b shows an artistic 
representation of the measurement: a light spot with a known diameter, wavelength 
(provided by a LED source, Thorlabs) and power (previously measured) is used to 
illuminate the material with modulated intensity at 0.25 Hz. The drain-source cur-
rent is measured as a function of time while the LED is switched on and off, al-
lowing to determine the photocurrent (Iph), defined as the difference of the current 
upon illumination and in drak conditions, of the device (Figure D.1c). From this 
measurement with obtain photocurrent generation in a wide range of wavelengths 
from the ultraviolet (UV) up to the near-infrared (NIR) region of the spectrum, in 
good agreement with previously reported experiments [Engel, 2014]. 
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Figure D.1 (a) Optical microscopy image of the photodetector based on a black-phosphorus 
flake. (b) Artistic representation of the photoresponse measurement of the photodetector based on 
a black-phosphorous flake. (c) Photocurrent (difference between the current upon illumination 
and in dark conditions) time response of the black-phosphorus based photodetector for different 
wavelengths. (d) Responsivity as a function of the LED photon energy. 

We can also calculate the responsivity (R) of the device as a function of the 
light wavelength, defined as the ratio between the generated photocurrent and the 
light power: R = Iph/P. The responsivity is usually calculated using the light effec-
tive power (Peff) instead of the total power, giving a more accurate number, which 
is defined as: Peff = P·Adev/Aspot, where Adev is the area of the flake lying in between 
the electrodes and  Aspot is the area of the light spot. The calculated responsivity is 
shown in Figure D.1d, where we see a maximum value of ~ 90 mA·W-1 upon 
illumination with light wavelength of 1500 nm (photon energy of ~ 0.82 eV), in 
good agreement with previously reported values [Youngblood, 2015]
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