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Abstract

Transition metal dichalcogenides (TMDCs) are layered materials with extraordinary
properties for optoelectronics like high carrier mobilities and large extinction coefficients.
They are applicable as mono- or multilayers, in combination with other 2D materials,
affordable, and they are compatible with silicon technology. Those properties render them
ideal candidates for fast and sensitive next-generation photodetectors. However, the
simultaneous optimization of detectivity / responsivity and speed is not possible, as the
long carrier lifetimes necessary for a high sensitivity are unfavourable for a fast detection.
Recent research has primarily focused on increasing the responsivity with astonishing
results, whereas improvements, of the response times have been challenging for pure
TMDCs with the exception of more complicated device architectures involving graphene
and sophisticated photonics. The objective of this thesis is the development of procedures
that enable a GHz response of pure TMDC photodetectors which is still pending to date.

This cumulative dissertation is based on three research papers and one comprehensive
review showing the systematic reduction in the response time of TMDC photodetectors as
well as questioning existing practices in converting the temporal response of a detector into
the bandwidth.

Firstly, the common practice of approximating the optoelectrical bandwidth, instead of
measuring it directly, is discussed with respect to detectors based on emerging
nanomaterials. Here, a commercial silicon p-i-n-photodetector is used as reference, and its
measured or approximated bandwidth is compared to detectors based on TMDCs as well as
two kind of quantum dot (QD) detectors. The study shows tremendous differences
depending on the chosen method up to a factor of 3000. The main conclusion of this study
is that comparisons of the photoresponse of different materials should only be made with
data acquired with the same method to avoid possible demerits of the approximation.

Secondly, the influence of the electrical interface by contacting the edges of MoSs
crystals is examined and compared to commonly used top contacts. This work shows that
edge contacts offer unique advantages for the speed of photodetectors based on the different
in-plane and out-of-plane carrier behaviour in 2D materials, such as TMDCs. With a facile
step of plasma etching, the edge of MoSs is unravelled. This accelerated the photoresponse,
especially the fall time, by more than one order of magnitude. To further verify the
influence of the Schottky barrier and the geometry, the influence of different metals
contacting different facets of the crystals was demonstrated. The fastest device obtained in
this study exceeded a bandwidth of 18 MHz.

The third publication analyzes the systemic reduction of the photoresistance of WSes
devices by increasing the saturation of absorption. In order to study this in a configurable
environment, the irradiance of the laser is controlled with a confocal laser microscope setup.
By lowering the photoresistance within the material, the device limiting RC time is lowered
as well and consequently the detectors are accelerated. Subsequently, the device’s electrode
structure is optimized to decrease the capacitance and thus reduce the RC time further. By
combining both strategies, WSey detectors reach 230 MHz, which is the limitation of the
measurement setup utilized, as confirmed by a commercial photodiode. In addition to the
examination of bulk crystals of WSes, an investigation of a bilayer flake has shown similar




fast responses only limited by the lower absorption due to the short path length. Especially
in comparison to the very slow MoSs mono- and bilayers, this is a promising finding
towards ultrafast and atomically thin TMDC photodetectors.

Finally, additional contributions to other publications in the field of time-resolved
photocurrent measurements are highlighted as well as an extended perspective for a future
direction of this work is given. The outlook encompasses the combination of TMDC
photodetectors with plasmonics as well as the time-resolved examination of layered
materials within Fabry-Pérot microcavities and the bulk photovoltaic effect.

In summary, this thesis provides experimental pathways for the acceleration of TMDC
based photodetectors by combining simple fabricational routes with guidelines to reduce
the RC-limitation in such devices.
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Zusammenfassung

Ubergangsmetall-Dichalcogenide (TMDCs) sind Schichtmaterialien mit auergewdhnlichen
Figenschaften fiir optoelektronische Anwendungen. Sie weisen hohe Ladungstriager-
beweglichkeiten und grofle Extinktionskoeffizienten auf. Zusatzlich kénnen TMDCs als
Mono- oder Multilagen und in Kombination mit anderen 2D-Materialien verwendet werden.
Sie sind mit der bestehenden Siliziumtechnologie kompatibel und dariiber hinaus zu einem
erschwinglichen Preis erhéltlich. Diese Eigenschaften machen sie zu idealen Kandidaten fiir
den Einsatz als schnelles und responsives Material in Photodetektoren der néchsten
Generation. Eine gleichzeitige Optimierung von Detektivitdt und Geschwindigkeit ist
jedoch nicht ohne weiteres moglich, da die fiir eine hohe Empfindlichkeit erforderlichen
langen Ladungstrigerlebenszeiten eine schnelle Detektion unmoglich machen. Die jiingste
Forschung konzentrierte sich in erster Linie auf die Steigerung der Empfindlichkeit und
erzielte dabei erstaunliche Ergebnisse. Die Verbesserung der schnellen Ansprechzeiten des
reinen Materials stellt eine Herausforderung dar, und Erfolge scheinen nur mit komplexen
Bauelementarchitekturen unter Einbeziehung von Graphen und hochentwickelter Photonik
moglich. Insbesondere eine Schaltbarkeit der puren TMDC-Photodetektoren im Gigahertz
Bereich ist noch nicht vollbracht und steht daher im Vordergrund dieser Arbeit.

Diese kumulative Dissertation basiert auf drei Forschungspublikationen und einem
umfassenden Review, welche die systematische Verkiirzung der Ansprechzeit von
TMDC-Photodetektoren aufzeigen und bestehende Verfahren zur Umwandlung der
zeitlichen Antwort eines Detektors in eine frequenzbasierte Bandbreite in Frage stellen.

Zunachst wird die gangige Praxis diskutiert, die optoelektrische Bandbreite von
nanomaterial-basierten Detektoren zu nahern, anstatt sie direkt zu messen. Hier werden ein
handelsiiblicher p-i-n-Silizium-Photodetektor als Referenz sowie Detektoren auf der Basis
von TMDCs und zwei Arten von Quantenpunkten (QDs) verglichen. Die Studie zeigt
enorme Unterschiede in der bestimmten Bandbreite auf. Diese Unterschiede kénnen je nach
gewdhlter Methode um einen Faktor von bis zu 3000 variieren. Vergleiche zwischen
verschiedenen Arbeiten und innerhalb einer Arbeit sollten sich daher auf Messungen
beschrianken, die mit derselben Methode durchgefiihrt wurden, um mdgliche Nachteile der
Néaherungsformel zu vermeiden.

Der néchste Schritt ist die Untersuchung des Einflusses der elektrischen Kontaktierung
der Kanten von MoSs-Kristallen und der Vergleich mit der iiblicherweise verwendeten
Kontaktierung der Oberseite. Diese Arbeit zeigt, dass Kantenkontakte einzigartige Vorteile
fir die Geschwindigkeit von Photodetektoren bieten, die auf dem unterschiedlichen
Verhalten von Ladungstriagern in und auflerhalb der Ebene in 2D-Materialien wie TMDCs
beruhen. Durch einen einfachen Schritt des Plasmadtzens wird die Kante von MoSs
freigelegt, was einen direkten Zugang zu den Schichten ermdglicht. Das Ergebnis war eine
Beschleunigung der Antwortzeit, insbesondere der Abfallzeit, um mehr als eine
Groflenordnung. Um den Einfluss der Schottky-Barriere und der Kontaktgeometrie weiter
zu verifizieren, wird der Einfluss verschiedener Metalle, die verschiedene Facetten der
Kristalle kontaktieren, demonstriert. Der schnellste in dieser Publikation fabrizierte und
untersuchte Detektor erreichte eine Bandbreite von iiber 18 MHz.

In der dritten Veroffentlichung wird die systematische Verringerung des Photo-
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widerstands von WSes-Bauelementen durch Erhéhung der Absorptionssittigung analysiert.
Um dies in einer konfigurierbaren Umgebung zu untersuchen, wird die Bestrahlungsstérke
des Lasers mit einem konfokalen Lasermikroskop-Setup gesteuert. Die Verringerung des
Photowiderstands im Material hat auch eine Verringerung der RC-Zeit des Bauelements zur
Folge, was zu einer Beschleunigung des Detektors fiihrt. Anschlieflend wird die
Elektrodenstruktur des Bauelements optimiert, um zusédtzlich die Kapazitdt zu verringern
und damit eine weitere Reduktion der RC-Zeit zu erreichen. Kombiniert man beide
Strategien, erreichen die WSes-Detektoren Bandbreiten von 230 MHz, die Grenze des
verwendeten Messaufbaus. FEine Bestédtigung der Messaufbaulimitierung erfolgte mit Hilfe
einer kommerziellen Photodiode. Folglich liegt die tatsdchliche Bandbreite der Kompo-
nenten iiber diesen 230 MHz, und die tatséchliche Grenze der WSes-Detektoren bleibt zu
bestimmen. Neben der Untersuchung von WSeqs-Bulkkristallen hat die Untersuchung eines
zweilagigen Kristalls dhnlich schnelle Ansprechzeiten gezeigt, die nur durch die geringere
Absorption aufgrund der geringeren Anzahl von Schichten begrenzt sind. Vor allem im
Vergleich zu den sehr langsamen MoSs-Mono- und Doppellagen ist dies ein
vielversprechender Befund in Richtung ultraschneller und gleichzeitig atomar diinner
TMDC-Photodetektoren.

AbschlieBend werden weitere Beitrdge zu anderen Publikationen im Bereich der
zeitaufgelosten Photostrommessung hervorgehoben sowie ein erweiterter Ausblick auf eine
zuktunftige Ausrichtung dieser Arbeit gegeben. Der Ausblick umfasst die Kombination von
TMDC-Photodetektoren mit plasmonischen Strukturen sowie die zeitaufgeloste Unter-
suchung von Schichtmaterialien in Fabry-Pérot-Mikrokavitdten und den Bulk-Photovoltaik-
Effekt.

Zusammenfassend zeigt diese Arbeit experimentelle Wege zur Beschleunigung von
TMDC-basierten Photodetektoren durch die Kombination einfacher Herstellungsrouten mit
Richtlinien zur Reduzierung der RC-Limitierung auf.
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1 INTRODUCTION

1 Introduction

Our era can be described as the ‘silicon age’.! The influence of silicon on the semiconductor
industry, electronics and our technological world is massive. It is everywhere in our
everyday life e.g. transistors in smartphones, solar cells on the roofs and photodetectors in
sensors.>? But inevitable quantum physical effects start to limit the further development of
silicon for future applications.* So, the next generation of technology and materials for the
growing demand of energy saving, cheap, safe and fast technology must emerge. Since the
discovery of graphene in 2004, the focus of research has shifted among others towards
quantum-restrained materials, such as quantum dots and layered materials, respectively 2D
materials in the limiting case of a monolayer.

1.1 Motivation

The class of layered materials has a variety of representatives that cover the whole
spectrum from insulating to metallic properties. Some commonly used members are
hexagonal boron nitride (hBN), graphene, black phosphorous and the transition metal
dichalcogenides MoSs and WSes. Thereby, hBN serves as an insulator,” black
phosphorous,® MoS, and WSey” are semiconducting and graphene® is a semimetal. Using
those layered materials in their pure form or in more complex combinations, devices like
transistors,” solar cells,'® chemical sensors,!! light-emitting diodes'? and photodetectors'3
with impressive results have been realized.

Narrowing this huge research area down, the focus will be on photodetection based on
layered materials, more specifically on TMDCs. Thus, these topics will be addressed in
more detail in this work.

Applications of photodetectors nowadays span from night vision and thermal imaging
over photography to the usage in telecommunication. Depending on the utilization, different
demands are placed on the detector in terms of sensitivity, speed and spectral range.'* Within
this work, the main objective will be on high-speed detectors.

In times of growing demand for digitalisation of everyday tasks such as online purchases
and streaming of videos or business calls, the interface between glass fibers based on optical
data transmission and on-chip transistors using electrical signals is becoming increasingly
meaningful. Record optical transmission technology exceeds 200 Th/s in a single core over
13km distance,'® whereas record transistors at low temperatures provide switching speeds
of 0.8 THz.'6 To keep up with the other technologies, photodetectors have to become faster,
so the overall data transmission can be accelerated as well.

Especially the wavelength of transmission is a selection criterion and determines the
suitability of a material. In optical communication several transmission windows can be
found in the near-infrared (NIR), known as the telecommunication windows.!” The location
is among others based on the least attenuation of optimized optical fibers. Technological
breakthroughs of LED efficiency in the last two decades open up a complete new field -
visible light communication (VLC). Since light-emitting diodes (LEDs) are current-driven
semiconductors, fast light switching is possible offering illumination and fast data transfer
simultaneously.'®1?  Additionally, the visible spectrum is less susceptible to interference
with existing radio systems, offering higher security possibilities and many applications, e.g.
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in vehicular communication on the street.? Transmission records of the light sources

already exceed 100 Gb/s,?! which in turn makes clear: Fast photodetectors are needed.

In search of fast detectors the material choice is a crucial step towards high-performance
devices and their possible applications. Within the class of 2D materials, graphene holds great
promise for high-speed detection. Already in 2009 it has demonstrated bandwidths of tens
of gigahertz,?? and in 2010 a 16 GHz bandwidth RC-limited detector has been built, showing
the potential of graphene.?? The major drawback of pure graphene is a high dark current
owing to its zero bandgap as well as low absorption (<2.3 %) due to its atomic thickness.®
On the other hand, its semimetal nature enables graphene to absorb broad regions of light,
expanding the absorbed spectrum in devices from the infrared to the ultraviolet.?*

Black phosphorous (BP), a group V-based 2D material on the contrary is a
semiconductor with a small direct bandgap ranging from 0.35 to 2.0eV depending on the
number of layers, offering NIR absorption with high mobilities but significantly lower dark
currents compared to graphene.?® First examinations of the time-resolved photoresponse
have shown response times of about 1ms towards 940nm excitation, respectively 3kHz
bandwidth.? A more sophisticated device based on a silicon waveguide and control over
the photocurrent generation mechanism by a gate, shows a 3 GHz bandwidth limited by the
RC time of device and setup.?” However, BP suffers from degradation in ambient
conditions through water and oxides.® Due to this heavy degradation encapsulation of the
BP is always needed as protection, thereby complicating the fabrication.

In the last decade photodetecting devices based on transition metal dichalcogenides
gained more prominence. Especially the sulfides and selenides of molybdenum and tungsten
receive a lot of attention due to their semiconducting nature, enormous stability at ambient
conditions, fascinating optoelectronic properties and possibilities for combination with
other materials.?® This renders them ideal candidates for photodetectors (PDs). A lot of
work on TMDC PDs focuses rather on responsivity than on speed.?? On the other hand,
projects studying the acceleration of TMDC detectors usually employ complex device
architectures based on pn junctions, photonic circuits, incorporation of graphene or
combination with quantum dots for functionality separation.?? In pursuit of a more simple
device architecture, photodetectors employing pure TMDCs are of interest. But until today,
the speed of pure TMDC devices remains relatively slow. The theoretical limit of the
material can be studied with intrinsic PD measurements and hence give hints about the
lower limit of the response time. For TMDCs this has revealed picosecond response times
for the pure material.3%3! This emphasises that material limits are not yet in reach with
actual devices, and photodetectors based on pure TMDCs can be further accelerated to
reach their full potential.

For that reason, this work tries to close the gap between the theoretically possible
material speed and the device speed based on pure MoSs; and WSey PDs with a simple
device architecture.
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1.2 Objective

The optimization of photodetection has two aspects - detector speed as well as detector
energy efficiency and sensitivity. Next-generation materials like quantum dots and layered
materials provide the platform to employ modifications on the material level and on the
device level to achieve such improvement.

The objective of this work is accelerating the speed of detectors based on transition
metal dichalcogenides. MoSs and WSes are chosen as showcase materials with the ulterior
motive to develop accelerating methods that are applicable to layered materials in general.
The initial goal for the device speed is the gigahertz regime, to close the gap to the current
CPU (central processing unit) operating speed of <6GHz.32 In addition, the energy
needed per switching event should be low, ideally below 1£{J/bit, and compatibility with the
existing silicon based techniques is of advantage for an easier implementation.

In this context, this thesis attempts to answer the overarching question: How to reach the
limit of devices based on pure MoSs or WSes without sacrificing a simple and cost-effective
fabrication?

1.3 Outline

This thesis is structured as outlined graphically below in Figure 1.1. Significant portions of
the chapters detailed below are the basis for a comprehensive review article published in
Accounts of Chemical Research.?3

Chapter 2 ‘Theoretical & Scientific Fundamentals’ provides a brief insight into the most
important scientific background needed for this work. The material class of TMDCs is
presented as well as the basic concepts of photodetection and corresponding figures of merit
with a focus on detector speed. Furthermore, the used methods for data acquirement are
shown and the fabrication methods are discussed in short.

Chapter 3 addresses the drawbacks and risks of wusing the approximation
f3sap = 0.35/t,ise to convert experimental risetimes into bandwidths without performing a
Fourier transformation. This chapter is based on the publication ‘Pitfalls in Determining
the Electrical Bandwidth of Nonideal Nanomaterials for Photodetection’, published in The
Journal of Physical Chemistry C.3*

In Chapter 4, edge contacts for TMDCs are investigated and compared to their
commonly used counterparts towards their influence on the detector speed. They reveal
accelerations of the response speed by more than one order of magnitude, up to a
bandwidth of 18 MHz. This chapter is based on the publication ‘Edge Contacts accelerate
the Response of MoSy Photodetectors’, published in Nanoscale Advances.®

Chapter 5 further accelerates TMDC photodetectors up to at least 230 MHz bandwidth
by systematically reducing the RC time of the device. To achieve this, the photoresistance
is decreased by increasing the irradiance in a controlled manner with a confocal microscope
while simultaneously decreasing the capacitance by electrode optimization. This chapter is
based on the publication ‘A simple 230 MHz Photodetector Based on Exfoliated WSes
Multilayers’, published in RSC Applied Interfaces.
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Chapter 6 presents other work with the author of this thesis, published within the scope
of photodetection with nanomaterials. Namely, ‘Substrate Effects on the Bandwidth of
CdSe Quantum Dot Photodetectors’, published in ACS Applied Materials € Interfaces,3”
‘Substrate effects on the speed limiting factor of WSes photodetectors’ published in
Physical Chemistry Chemical Physics®® and ‘Sub-nanosecond Intrinsic Response Time of
PbS Nanocrystal IR-Photodetectors’ published in Nano Letters® are briefly summarized
and the most important conclusions highlighted.

The Chapter 7 ‘Outlook’ shows future directions and how this work could be developed
further with a focus on plasmonics, optical cavities and the bulk photovoltaic effect as well
as a short description on the requirements of a measurement setup needed to resolve the
faster detectors.

Chapter 8 ‘Summary & Conclusion’ gives a comprehensive summary of this theses.
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2 FUNDAMENTALS

2 Theoretical & Scientific Fundamentals

In this chapter the basics of photodetection and associated mechanisms as well as the
metal-semiconductor interface and the respective figures of merit for photodetection are
presented. Then, the material class of TMDCs will be briefly discussed in general and with
respect to advantages of mono- and multilayer devices - everything with a focus towards
high-speed detection. To be able to put this work into a broader context a literature
overview of existing devices is shown. Afterwards, the methods used for acquiring the data
in this work will be detailed as well as the fabrication techniques needed for detector
production.

2.1 Photodetection

The fundamental principle of photodetection is the conversion of an incoming photon into
an electrical signal. Photodetectors (PDs) can be divided into two principal groups:
thermal and photoelectric detectors.®4! Thermal detectors rely either on a non-uniform
heating induced temperature gradient generating a photocurrent, or on a homogeneous
temperature change altering the resistivity of the material. Those effects are called
photo-thermoelectric and photo-bolometric effect.”"4%43  They are considered relatively
slow, based on the required time for the temperature change and thus are generally not
very suitable for fast photodetection.?®4? On the other hand, PDs relying on electron-hole
separation are capable of providing high-speed detectors, depending on the configuration,
and are thus discussed in more detail in the following.

There are two forms of photoeffect, the external photoeffect involving photogenerated
electrons escaping the material by photoelectric emission®44 and the internal photoeffect,
leading to a photocurrent within the material. In order to create an electron-hole pair, a
so-called exciton, the optical band gap F,,; of a semiconductor has to be overcome*> 47

hv = hw 2 Eopt (21)

with the (reduced) Planck constant (k) h and v the frequency / w the angular frequency
of the incoming light. From there, the as-formed exciton is bound by Coulomb attractions
with an exciton binding energy Ep.*»%® Before the carriers can contribute to a possible
photocurrent, this energy has to be overcome and the resulting necessary energy is called the
electrical bandgap Eg= E,y + EB, see Figure 2.1a.%® If the exciton is bound strongly, for
example in ionic crystals, the electron and hole are in close proximity, possibly even in the
same unit cell. They are referred to as Frenkel-excitons.*64® In inorganic semiconductors,
the dielectric screening is usually high enough to extend the distance between the hole and
the electron over several unit cells. They are then referred to as Wannier-Mott-excitons.46:48
For those excitons, the excitonic binding energy can be calculated similar to the hydrogen
atom with an analogue of the effective Rydberg constant to!:46,48-50

Met 1
E(n) — J— 2.2
B 2h2(4mepe, )? * (22)

In this equation, M is the reduced exciton mass,*® e the elementary charge, ey the vacuum
permittivity, €, the dielectric constant of the material and n the energy state into which the
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electron is excited. Consequently, the ‘atom radius’ of the exciton can be defined, again in

analogy to the hydrogen atom, to the Bohr exciton radius aegz.*6 %051
(n) o 4mh2e €0
Aee = N W, (23)

giving a measure of the spatial extension of an electron-hole-pair.
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Figure 2.1. a) Energy levels in k-space for a direct band gap semiconductor with the
excitonic energy levels sketched with dashed lines. b) Energy levels of an indirect band gap
semiconductor with the higher direct energy band gap indicated in grey. The required photon
and phonon with their respective energy fw and momentum change Ak are indicated with
dashed lines. The electron and hole, forming the exciton, are shown in blue and red.

Besides the concept of the binding energy, Figure 2.1 also shows the difference between
direct and indirect band gaps in semiconductors. If the optical excitation alone is sufficient
to create an exciton, then, the transition is called direct. On the other hand, if an
additional change of momentum is needed, because the valence band (VB) maximum and
conduction band (CB) minimum are slightly shifted in the k-space, the transition is referred
to as indirect.*® For indirect semiconductors, like shown in Figure 2.1b, a direct transition
may also be possible with higher photon energies. The change of momentum Ak can be
delivered by phonons, the oscillation of the lattice.%%4®  Considering that the indirect
excitation needs two steps simultaneously, a phonon and a photon, the transition is less
likely in comparison to a direct one and thus, the absorption coefficient is lower.46:52

Semiconductors are very versatile and so are their applications within detectors. The
most popular types of PDs are photoconductors and photodiodes, but also more exotic
combinations can be found.**?®  Within this chapter, the focus will first be on the
mechanisms driving conductors and diodes. Second, the interface between metal and
semiconductor will receive particular attention as well as typical device architectures, before
the key performance parameters are discussed. Readers interested in PDs beyond the
descriptions here, like avalanche diodes or phototransistors, are referred to more specialized
literature provided elsewhere.*!,43,53-56
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2.1.1 Mechanisms of Detection

The two main mechanisms driving PDs are the photoconductive and the photovoltaic
effect. Within the photoconductive effect, the photogain mechanism is a special case
altering the device performance with enormous influence on the response time.

2.1.1.1 Photoconductive Effect

The photoconductive (PC) effect is based on an increased conductivity and thus decreased
resistance under illumination. The working principle is sketched in Figure 2.2. In the dark,
under an applied bias Vgp, only a few carriers are able to flow between the two metal
electrodes. This is called the dark current I, (Figure 2.2a). Once the device is
illuminated with photons of energies higher than the band gap, cf. Equation (2.1),
electron-hole pairs are generated and separated by the applied bias. In the energy level
picture, this Vgp can be seen as an elevation of one side, leading to a difference in the
energy, separating holes and electrons in opposite directions (Figure 2.2b). The current
increase is called the photocurrent Ip.:, and can be seen in Figure 2.2¢.7,40,41,57
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Figure 2.2. Photoconductive effect. a) Energy levels of a semiconductor (SC), contacted
by two metals under a bias Vsp in the dark. b) Illumination leads to a photocurrent Ippo,
by separating the excitons with the applied bias. ¢) Igp — Vgp characteristic in the dark and
under illumination. Isp equals I,k in the dark and I, under illumination, respectively.
Figure similar to Ref.”

Although the number of holes and electrons is the same, the velocity of them towards the
electrode can show large differences.*®5® The time it takes the carriers to transit from the
original position of the generated exciton to the electrode is thus based on the mobility u of
the carriers, the channel length ¢ and the applied bias:"41:51

92

1Vsp

(2.4)

tiransit =

For different mobilities of the charge carriers, the faster carrier type (majority carriers), for
TMDCs usually electrons, can pass the channel faster than the minority carriers (usually
holes) and thus get reinjected at the opposite electrode to maintain charge neutrality. This
continues until the minority carrier is extracted as well, or recombination takes place.40:41,58
A brief overview of the most common mechanisms of recombination can be found in Box 1.
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Box 1: Recombination Mechanisms

The most common recombination mechanisms are sketched in Figure 2.3. Band gap
recombination is a radiative decay path, occurring at high carrier concentrations and
results in the emission of a photon.?® Other processes are mainly non-radiative,
meaning they transfer their energy either to the lattice via phonons or towards
a third particle in the case of Auger recombination, which requires high carrier
concentrations.’’ Induced by (deep) traps within the band gap, Shockley-Read-Hall
(SRH) recombination can take place.%" Here, a carrier has to be inside such a localized
interband state. Those states are not close to the band edges in thermal equilibrium
as trap states, instead they are deep within the gap. The energy of the transition into
this state can either be dissipated by transfer to phonons or by emission of a photon.?’
At the particle surface a lot of trap states occur, e.g. due to an unsaturated surface,

which can facilitate recombination.52
EA
a b C d
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Figure 2.3. a) Radiative decay by band gap recombination. b) Auger recombination
occurs for high charge carrier concentrations and requires a third particle on which
the excessive energy is transferred. c¢) Shockley-Read-Hall (SRH), or trap-assisted
recombination requires traps within the band gap in which either electrons or holes
can be caught. From there they can either get re-excited into the CB or VB or
can recombine. This process can also happen radiatively, shown here only non-
radiatively. d) Surface recombination occurs in trap states at the surface due to
defects or insufficient surface saturation.

£

Based on the lifetime of the minority carriers ¢;;7. and the transit time of the majority
carriers, a factor can be determined, how often the average electron can transverse the channel
before it recombines. This is called gain (G) and can be calculated by the ratio of the two
magnitudes’ 404!

tlife tiifeVsD
G = = 2.5
tt'rzznsz't L2 ( )

Hence, a large deviation between the mobility of the electron and the hole as well as a small
channel length and a long lifetime increase the gain. This is closely related to the
photogating effect, discussed in more detail in the next section.

Making use of the PC effect in the simplest possible device, an ohmic photoconductor,
puts another time influence onto the detector: the RC time. The product of resistance R and
capacitance C' is omnipresent in electric components, delaying the temporal response.0:52
Further information of the origin can be found in Box2. To examine or calculate the RC
time (experimentally), the resistance has to be determined as well as the capacitance. For
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the simple case of a plate capacitor consisting of two parallel plates with an area A and a
distance d, the capacitance is

€r€0A

C= pi

(2.6)

Furthermore, it is crucial to also account for the parasitic capacitance of the circuitry used
for the measurement as well as for the (load) resistance of the setup.%3

Box 2: Charging of a Capacitor

Electrical circuits suffer from time delay - the input is not directly transferred into
the output. Based on the model-circuit of a resistance in series with a capacitor, see
Figure 2.4, this RC delay can be calculated.*

b v
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Figure 2.4. a) Sketch of an RC circuit with a switch to start charging of the capacitor.
b) Voltage increase at the capacitor over time.

Y
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To charge the empty capacitor C in series with the resistance R, the switch has to be
closed at time ¢ = 0. The charge Q on the capacitor is dependent on the capacitance
and the voltage, thus Q(t) = C x V(t). According to Ohm’s law, the charging current

can be calculated to%* Vo—V(t) Vo Q)
(t) R R RC =0

Since the current is defined as the number of charges transported through a cross
section in a given time I(t) = dQ/dt, differentiating the equation above yields®*

dl 1

= me 0. (2.8)

Integrating back with 1(0) = Iy gives the end result for the current and the voltageS*
I(t) = Io % e/ (FO) (2.9)

V(t) = Vo (1 e /) (2.10)

Figure 2.4b shows the time dependency for the charging voltage of a capacitor. After
the RC time constant 7pc, 1 — 1/e = 63 % of the capacitor is charged. A common
approximation for the time to reach steady-state condition is after five times the RC
constant, when the charging level of the capacitor is 99.3 %.

10
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2.1.1.2 Photogating Effect

Photogating (PG) can be seen as a special case of the PC effect, since the gain is
determined in the same way and detectors based on PC and PG need a bias voltage to
work.”%® The difference between them is the trap concentration, shown for shallow hole
traps close to the valence band in Figure 2.5. They can be distinguished within transistor
measurements, requiring an additional gate of silicon and dielectric to influence the charge
carrier concentration in the active material. Within those, an Igp—V characteristic reveals
that the PG results in a horizontal shift, as the trapped carriers act as an additional gate,
whereas the PC effect results in a purely vertical one, see Figure 2.5¢.” The effect of this
gating can be described like an electric field-effect in a transistor, shifting the Fermi level
FEr, thereby inducing more electrons in the channel. In contrast to the PC effect, one
carrier type is trapped (in an idealized case) completely, consequently prolonging the
lifetime.?® It has to be stressed, that realistic photoconductors are often a mixture of PC
and PG effects and a clear distinction is often impossible.? 65

Illumination C Isp 1llumination
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Figure 2.5. Photogating effect. a) Energy levels of a semiconductor (SC), contacted by two
metals under a bias Vgp in the dark. The solid horizontal lines are trap states close to the
valence band. b) Illumination leads to a photocurrent by separating the excitons with the
applied bias. The trap states are filled with holes which act as a local gate, inducing more
electrons within the channel. ¢) Isp — Vg characteristic in the dark and under illumination.
The dashed line shows the behaviour for the PC scenario, the solid red line for the PG case.
Figure similar to Ref.”

Depending on the material, screening and doping concentration, recombination lifetimes
in the span from 107! s to many seconds have been reported.*’ So, incredibly high gain can
be achieved, as the lifetime is increased. At the same time, this is directly limiting the
temporal response, causing the detector to be slower. Via the temporal response
characteristics, the different speeds can be used to try to distinguish between PC and PG.%

To account for the trade-off of higher gain and prolonged lifetime vs. low gain and
speed, the gain-bandwidth-product (GBP) is a useful measure. In a very simple
approximation, which will be further specified later, the bandwidth is roughly the inverse of
the time. More information on these key parameters of performance can be found in
section 2.1.3. Using the GBP accounts for the trade-off and gives a measure of optimization
for photodetectors acknowledging both, speed and gain. Thus, improving detectors should
aim for maximising the GBP. Proposed devices which rely on gating induced by a
photovoltage at a silicon quantum dot interface (photovoltage-FET) rather than the charge
transport and traps within the quantum dot layer (photo-FET), have shown theoretical
values of the GBP exceeding 10'3, which is higher than the typical 10° for photodiodes,

11
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phototransistors and conductors.’®%6:67  Since those gated devices rely on material

junctions they are thus beyond the scope of this work and will not be further described.

2.1.1.3 Photovoltaic Effect

The previously shown mechanisms relied on an applied bias to separate the charge carriers.
In contrast, the photovoltaic effect (PV) is based on an internal electric field for charge
separation. The origin can be from two differently doped semiconductors forming a
pn-junction or from a Schottky barrier occurring between a semiconductor and a metal.*6
Figure 2.6 shows a pn-junction between a p-type and an n-type semiconductor. They
possess an excessive amount of holes or electrons, respectively, thus shifting the Fermi level
accordingly. When brought in contact, a junction is formed by adjusting the Fermi energies
of the semiconductors. Thus, an internal field is formed which can separate the charges
within the so-called depletion region. The I-V characteristic of a pn-diode is given in
Figure 2.6¢.46

d Dark b Illumination C IspAIllumination
Dark
V
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p-type n-type p-type n-type Isc

Figure 2.6. Photovoltaic effect. a) Energy levels of a p-type and an n-type semiconductor
junction with an internal bias inside the depletion region in the dark. b) Illumination leads
to a photocurrent by separating the excitons within the depletion region. c¢) Isp — Vsp
characteristic in the dark and under illumination. The open-circuit voltage Voo and the
short-circuit current Igc are marked.

Moreover, the forward source-drain current is exponentially depending on an externally
applied voltage. In the reverse direction, the dark current is negligible since thermal energy
is not enough to overcome the potential barrier of the junction. At some point, junction
breakdown will occur and the current will increase tremendously.*! An open-circuit voltage
Voo will be generated for a non-closed circuit due to charge accumulation at the different
ends. For no external bias applied, the internal field produces a photocurrent called the
short-circuit current Isc, which can be sufficient for photodetection.” A diode based on a
pn-junction cannot only convert photon energy into electrical energy, the principle of a
solar cell, it can also be operated in either PV or PC mode.*” By using such a detector
at no applied bias, it is operated in the PV mode, among other advantages benefiting from
an exceptionally low dark current. On the other hand, operating in PC mode under reverse
bias increases the speed of the diode by influencing the capacitance and increasing the
strength and width of the electrical field in the depletion region.”%® In contrast to the
photoconductor, a photodiode is limited to a gain of maximal one, since no trap states are
available within the depletion region.40>41:47

Within this depleted region, the charge carriers experience the acceleration of the internal
field, and the corresponding drift time would be calculated similarly to the transit time in

12
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Equation (2.4). Outside of this region, the carriers diffuse until they are eventually reaching
the depletion region or recombine.*! This diffusion length [ is overcome in a timespan of%®
l2

laiff = D (2.11)
depending on the diffusion coefficient D, and is limited by the slower carrier diffusion. The
diffusion coefficient can be influenced with temperature 7' and the mobility, according to
D = ’”“TBT, with kp being the Boltzmann constant.*” Since charge carriers in proximity to
the depleted region can diffuse to the region at some point, they prolong the temporal
response by generating a slow tail within the photocurrent. Hence, the depletion region
should be maximized to minimize those diffusive reductions of the bandwidth, for example
with p-i-n-detector architectures.?® A more detailed comparison of the different diode types
and their implications on the response time can be found in Ref.%? Since the focus of this
work is on single-material detectors, the interested reader is referred to elsewhere for more
explanations and calculations on pn-diodes and other diodes relying on more than one
active material.40:41,47.54,55,70 Tpgtead, in the following section, the focus will be on diodes
based on the Schottky junction at a metal-semiconductor interface.

2.1.2 Metal-Semiconductor Interface

Up to this point, the photodetection mechanisms have been introduced and all the effects
have been ascribed to the active material. Besides the semiconductor properties, the
interplay of semiconductor and metal at the electrode influences the contact type and thus
the device type and performance as a whole.

2.1.2.1 Ohmic Contact

Ep
a- - - - - -|Vacuum level b EA
edy X B, <X
E E
““““ Er S, SSm—
EV /__ EV
NS X
Metal n-type SC Metal n-type SC

Figure 2.7. Formation of an Ohmic contact. Metal and n-type semiconductor a) before,
and b) after contact. The work function of the metal ®j; is smaller than the electron affinity
x of the semiconductor.

Determination of the contact type can be done by aligning the band diagram with the work
function ®5; of a metal and the electron affinity x as well as Fermi level Er of the
semiconductor, see Figure 2.7a. When they are brought into contact, the Fermi levels of
both materials will be brought into thermodynamic equilibrium, see Figure 2.7b. This leads

13
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to a bending of the valence and conduction band of the semiconductor. Two cases have to
be distinguished: ®,; < x and ®;; > x. The former leads to an Ohmic contact and the
latter to a Schottky junction.!47 71

This band bending could also be interpreted by the accumulation of electrons out of the
metal within the semiconductor due to the higher electron affinity. The higher charge
carrier concentration is equivalent to the conduction band approaching the Fermi level. For
some applications Ohmic contacts are a necessity, like discussed before, photoconductors
with high gain are dependent on them*%> or the fabrication of integrated circuits.*”
Therefore, it is crucial to have control over the nature of the contact.

2.1.2.2 Schottky Contact

The other possibility, ®;; > x, can be seen in the band diagram in Figure 2.8. This time,
after contact a rectifying potential barrier between semiconductor and metal is formed, called
Schottky barrier. It can be estimated via the Schottky-Mott rule to*! 7!

eCIDSB = G(CI)M - X) (212)

This approximation may be invalidated for the case of 2D materials or materials with many
interface states, where Fermi level pinning can take place, see section 2.1.2.3 for a more
detailed description.”

For electrons flowing from the semiconductor towards the electrode or vice versa, ®gp
opposes a potential barrier which has to be overcome, see section 2.1.2.3 for charge
injection mechanisms. By applying an additional external bias, the barrier height and
width can be further in- or decreased. As the work function of the metal is higher than the
electron affinity, when bringing them both in contact, free electrons flow into the metal and
a so-called space charge region evolves within the semiconductor.®” Thus, the metal
semiconductor interface behaves similar to a pn-junction and an internal electric field is
formed.
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Figure 2.8. Formation of a Schottky junction. Metal and n-type semiconductor a) before,
and b) after contact. The work function of the metal ®,; is larger than the electron affinity
x of the semiconductor. c) I-V characteristic of a back-to-back Schottky diode.

Schottky diodes made of one metal-semiconductor interface are often used in high
frequency application.*®4:47 But again, like for pn-junctions, the gain is limited to one.
For p-type semiconductors which have holes as majority charge carriers, the formation of a
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Schottky junction can be achieved in the opposite case, when ®,; < y.

In a typical, symmetrical photodetector architecture, see section 2.1.2.4, two Schottky
contacts are employed, which leads to two junctions within the same device in a
back-to-back arrangement, sometimes also called a MSM (metal-semiconductor-metal)
photodiode.™ 73 Thus, for every applied bias, one of the junctions is in reverse bias
mode suppressing the dark current. By tuning the bias voltage, the depletion regions at the
electrodes can be varied in their width, influencing the regime in which charge carriers are
accelerated by the electric field.”> A typical I-V characteristic of such a symmetric device
can be seen in Figure 2.8c. For a small applied voltage the current flow looks similar to the
Ohmic case (Figure 2.2c), before a saturation regime begins, which is terminated by the
breakthrough voltage.”™

In summary, diodes have better prospects with regard to the dark current and the
response speed, as their internal field is favourable for both. The major drawback for diodes
is the limitation to a maximal gain of one, which on the other side explains their fast
temporal response due to (nearly) no trapping prolonging the charge transport. On the
other hand, photoconductors can have a gain much larger than one, by sacrificing their
response time with a longer lifetime of the carriers. To control which device is built, the
contacting is crucial, since Ohmic contacts are needed for pn-diodes and photoconductors
while Schottky contacts are needed for Schottky diodes.

2.1.2.3 Fermi Level Pinning and Charge Injection at a Schottky Contact

The Schottky barrier model applied above considers idealized, defect free interfaces. Under
real experimental conditions alloying of metals with the semiconductor or metal-induced
gap states alter this idealized picture and consequently lead to a different contacting
situation.” Especially surface states are responsible for this effect, making nanoparticles
with a high surface-to-volume ratio vulnerable.” In such situations, where the
Schottky-Mott rule does not apply any more to calculate the barrier, Fermi level pinning
(FLP) takes place. Thereby, the Fermi energy of the metal is pinned at a new level within
the semiconductor called the charge neutrality level (CNL), see Figure 2.9a. In other words
this could be described as the point above which the energy levels of a neutral surface
would be empty, or the energy with the highest surface state density.”” Additionally, a
pinning factor can be introduced which is a number between one, ideal Schottky-Mott like
behaviour, and zero, a strongly pinned interface.”® This pinning factor gives a
material-specific measure of how much the Schottky barrier may be influenced. For MoSs it
can be as low as 0.11,” which thus shows, that the work function of the metal might have
only little influence on the barrier height.

A deeper insight into FLP with a focus onto 2D materials is given in Ref.”® One possibility
to reduce FLP is the use of edge contacts, which will be further discussed in chapter 4.

Independent of whether the Fermi level is pinned or not, charges have to overcome the
Schottky barrier. Figure 2.9b shows the different possibilities to overcome an idealized
Schottky barrier from a metal to a semiconductor or vice versa. Based on the thermionic
emission-diffusion theory, the current flow can be described. The dark current over a
Schottky barrier is typically thermionic emission over ®gp.4!
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a Vacuum level b

—,—f:\\l I1
()

edgy

Vv

Figure 2.9. a) Fermi level pinning of different metals with work function ®,; onto the
charge neutrality level (CNL). Figure similar to Ref.”” b) Charge injection from a metal to
a semiconductor over a Schottky barrier ®gp. I) Thermionic emission, II) thermionic field
emission and III) field emission.

For energies lower than the barrier, tunnelling through the barrier is possible, see 11 &
IIT in Figure 2.9b. This requires either highly doped semiconductors to enable thermionic
field emission (II), or large defect densities at the interface for field emission (III).7%7 The
additional field dependency of the effects can give further clues, which processes, tunnelling
or thermionic, are dominating. For low fields thermionic emission dominates, conversely for
high fields tunnelling.8°
Using exactly these properties of charge injection, one method to determine the Schottky
barrier height experimentally is by exposure of the barrier with light of different photon
energies lower than the band gap of the semiconductor to trigger internal photoemission in
the metal. Those processes are not very efficient with quantum efficiencies 7 of less than 1 %,
but the following formula, called the Fowler-Nordheim equation has been found to describe

the dependency between the photon energy hr and the barrier height ®gp*!8!
hv — e®gp)?
n=Cp\ v = CPsB)] (2.13)
hv

with C'r being a device specific proportionality factor. By fitting this equation to the obtained
measurements, the Schottky barrier can be approximated under certain limitations.®?

2.1.2.4 Device Architecture

The possibilities to design devices for photodetection seem almost unlimited.  For
nanoparticle systems and layered materials (2DM) there are a few types of device
architecture that are very common, due to their simple fabrication and possibility to test
QDs and 2DMs with them, see Table 1. They can be divided into lateral and vertical
structures. Depending on the material, different demands are put on the fabrication
process. If the active material is unstable under atmospheric conditions, all the electrode
fabrication has to be done a priori, which is possible for bottom contacts like interdigitated
electrodes (IDEs). For all the devices, the principle of Schottky or Ohmic contact can be
applied and the performance of the device thus further altered. Additionally, combinations
are possible like in a semi-vertical geometry contacting once from above and once from
below with a lateral shift in between them.3384
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Table 1. Commonly used device architectures for a simple fabrication of photodetectors
based on QDs and layered / 2D materials (2DM). The (dis-) advantages are stated briefly as
well as exemplary references using this geometry are given.

Brief description & (dis-) advantages Refs Schematic
Stamping of 2DM on finished electrode
Bottom structure.
contacts + no lithography procedure for material 35,38,85 M M
for 2DM — can induce cracks in 2DM Substrate
4 no hybridization with electrode
To Electrodes fabricated onto 2DM M M
corll)tac ts + precise arrangement of electrode on flake 3686
— exposure to solvents & metallizing process Substrate
Top . M M
contacts Top contacts fabricated on gated substrate
- ibili 87-89
bottom + more flexibility by gate voltage T Iyer
— excellent dielectric needed
gate
i M
Vertical 2DM / QDs sandx.)vmhed.betw.een (?lectrodes 00 09
contacts + short channels in vertical direction M
— illumination through electrode Substrate
Bottom Deposition of QD solution on finished
electrode structure 37.39.93 M EEEEEE M
contacts . 1 o
for QDs + Material within electrode area Substrate
— particles needed in liquid phase
M
Inter- Special structure for lateral contacts
digitated + large area while maintaining short channel 37 7 o4
electrodes lengths
(IDE) + smaller capacitance™ M
All devices can be build with two different
electrode materials. M1
Asymmetric + Built-in electrical field 91,95,96
contacts 4+ new functionalities e.g. transparent top M2

electrode for more light transmission
— More elaborate fabrication

Substrate

For different material classes, different device architectures may have additional benefits

or drawbacks which can be further exploited, see chapter 4.

2.1.3 Key Performance Parameters

Comparing the performance of different photodetectors is key in developing better devices.
Therefore, various figures of merit are available, independent of the device geometry. In a
rough classification for photodetectors, they can be divided into sensitivity and speed. A
more detailed overview of the speed limiting times can be found in section 2.3.2. Additional
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figures of merit as well as the description of the figures shown here can be found
elsewhere. 7> 24,40,41,54,97,98

Since the operation wavelength limits and / or determines the application of a PD, an
important figure of merit is the spectral range of the detector, e.g. limited by the band gap.
Thus, all the following figures of merit have to be taken as wavelength-dependent.*!

Rise time. The rise time is a key parameter for this work, and single components of it
have already been discussed in previous chapters. With respect to the gain in the context of
photoconductors, the lifetime of charge carriers can put a limitation to it. For conductors
as well as for diodes, the RC time and transit time can limit the speed and for non-depleted
regions in detectors a diffusion time can further limit devices. In general, the response time
is given as a rise time or fall time measuring the photocurrent increase from the 10 to 90 %
of its final value. For diodes the formula is given as””

trise = \/Bips + pigs + (2.2 % TRO)2 (2.14)

Since Trco is a time constant and gives only the 63% value, see Box 2, it has to be
multiplied with 2.2 to account for the difference.

3 dB bandwidth. Closely related to the temporal response is the bandwidth, the frequency-
based speed measure. It determines the maximal operation frequency of detection at which
two pulses can be distinguished. At this frequency the initial photocurrent has dropped to
V0.5 =~ 70 % or the power spectrum to 50 %. After Fourier transforming a measured impulse
response to the power spectrum P(w), conversion to the dB scale is performed with the signal
power under steady state conditions (P;), and the 3dB crossing can be determined.

P(w) = [FFT(f(1) (2.15)
dB = 10logi0(P(w)/P1) (2.16)

An alternative way to obtain the bandwidth is the often-used approximation

f3dB = 0-35/trise (217)

However, this approximation can lead to large deviations compared to the much more
precise power spectrum, when calculating the bandwidth. The correct determination of the
bandwidth will be discussed in more detail in Chapter 3.

Gain-bandwidth-product. A measure independent of the gain-lifetime trade-off is the
gain-bandwidth-product GBP. Using the GBP, a better comparison in this widespread area
of detectors with different rise times and gain (G) can be achieved.?

GBP = G % deB (218)

Going one step further is the normalization of the GBP by the dark current, which takes
the sensitivity further into account.%6
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Responsivity. The ratio of photocurrent I, generated per incident optical laser power
Plase?“7798

Iphot
= proto 2.19
Plaser ( )

is important to determine how much output can be expected and thus, how sensitive the
detector is towards dim light. It has to be stressed that the responsivity R is a value that is
highly dependent on the irradiance of the laser in photoconductors.’® Hence, estimations of
the responsivity at low laser power typically lead to high values. If the laser power needed
for operation of the device is much higher, this can lead to an overestimation of .

External quantum efficiency. A related measure for the sensitivity is the EQE, defined as

the ratio of photocarriers generated within the material per number of incoming photons”*7
I h h

EQE = #ote, W _ @l (2.20)
€ Plaser €

The EQE can be seen as a measure of gain, since an EQE higher than one means that per
impinging photon more than one charge carrier is measured.” If all photon losses by
transmission or reflection at the detector are accounted for and only absorbed photons are

used to calculate the quality of the detector, this figure of merit is called the internal
QE.41’75

ON / OFF ratio. Taking the dark current of a detector into consideration, the easiest
measure is the division of the photo current by the dark current, resulting in the ON / OFF
ratio. This value can give an overview of how good a photoresponse is expected to be
distinguishable from the background. Besides the dark current, there are many other forms
of noise which might suppress a good visibility of a photocurrent, like thermal noise, shot
noise or frequency dependant 1/f noise.!%%191 They can be regarded as noise levels on their
own or in form of a noise equivalent power NEP. The NEP gives the minimal illumination
power needed to get a signal-to-noise ratio of 1 at 1 Hz bandwidth.”

Specific detectivity. By now, the largely different detector sizes are not accounted for. The
specific detectivity is an area- (A) and bandwidth- (f34p) independent measure of sensitivity
considering the NEP of the device.*! Assuming the dark current I, dominates the noise
within the detector it can be rewritten as”®: 102,103

VAfip _ RVA
NEP 2l

Switching energy. Another parameter depending on the bandwidth is the energy needed
per individual switching event

D* =

(2.21)

Eswitch = Plaser/fi%dB (2‘22)

In addition to the pitfalls in determining the bandwidth, other key parameters discussed
here can be flawed as well. For measuring the sensitivity this is detailed in Ref.,!%* whereas
more general problems like determining the device area are discussed in Ref.19!
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2.2 Transition Metal Dichalcogenides

Understanding the properties of nanomaterials requires understanding the basic principles
of confinement. Thus, upon introducing TMDCs, quantum confinement is discussed briefly.
Then, TMDCs are described phenomenologically with some characteristic optoelectronic
features highlighted, before the pros and cons of mono- and multilayers with respect to
photodetection are weighed up against each other. At last, the question ‘What makes a
good (TMDC) photodetector?’ will give a short overview of strategies used within the
scientific community as well as a comparison of literature photodetectors based on TMDCs.

2.2.1 From 3D to 0D

On the way from the bulk material to the individual atom, different dimensionalities are
passed through, which exhibit a distinct change of behaviour in their optical and electronic
properties due to their size and spatial confinement. Those dimensionalities can be defined
by their level of confinement: the bulk or 3D material electronic and optical properties are
the initial state. Reduction in only one spatial dimension leads to thin films, 2D materials,
also referred to as quantum wells. Further confinement yields 1D materials, like quantum
wires / nanotubes. If the material is confined in all three dimensions, a zero-dimensional
quantum dot (QD) is reached. These dimensionalities are shown in the upper row in
Figure 2.10.43:105 A good measure for confinement is the Bohr exciton radius
(Equation (2.3)). Once a material is below this radius in at least one dimension, it is
referred to as strongly confined.!%

a b C d

3D material 2D material 1D material 0D material
Bulk Quantum well Quantum wire  Quantum dot
E Ea ’, Ea ’,
e A= B
EV—\ EV"\?\-‘ Evni‘
+—> +—>

P3p P2p P1ip Pop

Figure 2.10. Illustration of confined dimensionality and density of states p,p for a) 3D
bulk, b) 2D quantum wells, ¢) 1D quantum wires, and d) 0D quantum dots.

The lower panels within Figure 2.10 show the density of states (DOS) psp(FE) for the free
electron gas in 3D and the confined DOS in the lower dimensional materials.'% Thereby,
the DOS is a measure of the number of available states at a specific energy calculated by
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deriving the number of (discrete) states per energy.*® For a detailed derivation the interested
reader is referred to elsewhere.6:105:106  The interesting key take aways for 2D and 0D
systems is that the DOS is independent of the energy for 2D materials, while it exhibits a
delta-function for QDs.'% With this quantization of energies, the influence on optical and
electronic properties evokes new possibilities and phenomena within those confined systems.
Recalling Equation (2.2) for the binding energy, the dimensionality ¢ changes the energy of
the n-th state according to% 107-109

1
i
Ignoring dielectric effects, the binding energy for n = 1 would thus be a factor of 4 larger in
2D materials in comparison to the bulk. Considering the change of the dielectric environment
around the monolayer, those effects balance each other out, but still high binding energies of
several hundred milli-electron volts can be observed.% 107
With size (thickness for 2D materials) being a new degree of freedom influencing the electronic
and optical properties, the quantum confinement effect (Figure 2.11) can be used to explain
a size dependent band gap.!®® The largest band gap can be seen for a two energy level
atom. Adding a second atom, a molecule is formed, in which the interacting orbitals can
be described with the molecular orbit model. If now more and more atoms are added to
the particle, the number of orbitals with slightly different energies increases more and more
until at some point they are so dense they can be described as bands. In this process, the
bandgap shrinks for larger particles until the bulk band gap is reached.'%
pronounced for QDs due to their confinement in three dimensions,*3 but also TMDCs and
other 2D materials encounter an increasing band gap for thinner flakes.'®” From a different
perspective, the quantum confinement can be seen as a limitation to Schrédinger’s equation
to the particle-in-a-box problem, in which the QD, the box which defines the confinement
width, gets smaller and smaller, and thus the energy eigenvalues get more discrete.

B — B (2.23)

This is much more

A Bulk Nanocrystal semiconductor Molecule
> _— — % = =
ol = - >«
GC) Confinement width
— = = — —
O 0 ¢ - -

Size

Figure 2.11. Quantum confinement effect of nanocrystal semiconductors showing the
increasing bandgap Fq for decreasing particle size. The exciton Bohr radius apgop, marks
the size below which strong confinement starts.

This work focusses on the photodetecting properties of 2D materials, namely TMDCs.
Nevertheless, in Chapter 3 and 6 QDs are partially used as photodetection material. A very
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brief overview as well as further literature about QDs is thus given in Box 3.

Box 3: Quantum Dots for Photodetection

A typical synthesis of QDs, e.g. lead sulfide (PbS), cadmium selenide (CdSe) or
the wet-chemical synthesis of colloidal TMDCs includes long-chain organic molecules
like oleic acid and oleylamine as surfactants.''%12 Thus, the interparticle distance
between individual nanocrystals is rather long and electrical transport difficult.
Therefore, short linker molecules with functional groups, like 1,2-ethanedithiol or
hydrazine, are needed to couple the QDs, reduce the distance and enable better charge
transport. 110113114 The mobility in QD-based devices varies greatly, with most of
them having a low mobility of around 102 cm?/(Vs) (due to the above mentioned
impact of initial synthesis), but there are also some with a mobility equal to or higher
than that of (exfoliated) TMDC components.”? 115 Nanocrystals have a high surface-
to-volume ratio making them vulnerable to surface defects.''® In contrast to QDs, 2D
materials have a huge surface as well but no dangling bonds on the surface protecting
the material. At the same time, the highly unsaturated surface of QDs opens a chance
for tailored surfaces, for instance by coupling them to organic semiconductors.!'” Being
confined in every direction, the quantum confinement effect is much more pronounced
in QDs than in higher dimensional materials.!!!

A promising field for QD based photodetectors is the near-infrared region where
applications like night vision are currently based on exotic materials and detectors
which need to be cooled, like HgCdTe-devices.#3 115118 Based on QDs high-speed
detectors have been realised as well.}19 120

2.2.2 Properties of TMDCs

The multitude of scientific works covering TMDCs has begun after the discovery of
graphene in 2004, although early reports of single layer MoSy date back as early as 1986.12!
The general chemical formula for TMDCs is MXy (M: transition metal, X: chalcogen).
Although there are approximately 40 different layered materials within this class, the most
commonly used ones are the group-VI TMDCs, namely MoSy, WSy, WSes, MoSes and
MoTey.2428:107 They can occur in different phases, most commonly a trigonal prismatic
2H-phase and an octahedral 1T-phase which may further relax into the thermodynamically
more stable distorted 1T’-phase.!%® For MoS, for instance a rhombohedral 3R-phase exists
as well naturally.'°” In those polymorphs (1T, 2H, 3R) the letter describes the symmetry
and the number gives the amount of layers needed per unit cell to describe the phase
completely.'” By phase engineering, the different phases can be converted into each
other.'?2

The bonding situation inside TMDCs can be described with strong covalent intralayer
bonds, in contrast to the weak van-der-Waals interlayer bonds at the dangling bond free
surface.!%8:123  This makes the material highly mechanically stable within one layer. The
layer-like structure of the material gives rise to new preparation techniques like mechanical
exfoliation from a bulk crystal.'?* The further possibility of deterministic transfer onto a
substrate sets the foundation for the examination of layer-dependent properties or
heterostructures.'?® Alternatively to the mechanical cleavage, TMDCs can be grown by
chemical vapour deposition (CVD) with increasingly high quality.!2

22



2 FUNDAMENTALS 2.2 Transition Metal Dichalcogenides

Apart from the structural features and manufacturing processes, the optical and electric
properties of TMDCs are of great interest for research. Due to the rich variety of TMDCs,
a lot of metallic and semiconducting phases have been identified with bandgaps from nearly
zero (bulk PtSe; and PdSez) to more than 2eV in single layer MoS; and WS,.2
Examinations of layer-dependent properties have revealed a transition from an indirect to a
direct band gap semiconductor from a bi- to a monolayer.'?>127 This strongly influences
the photoluminescence (PL) of the material. Layer-dependent emission shifts in the
spectral position as well as the absolute PL intensity, which drops by orders of magnitudes
beyond the single layer, can be observed.'?3:128:129  GQimilarly, the influence of the flake
thickness causes different Raman shifts, which is together with PL measurements exploited
to determine the thickness of flakes.!3Y A complex exciton physics within those materials
gives rise to interlayer excitons, bi-excitons as well as charged excitons, so-called trions, all
three stable at room-temperature.?® In addition, the Coulomb interactions with the
surrounding dielectric may lead to renormalization of the band gap, altering the optical and
total band gap.*>12%131  Usually, the manipulation of charge by gating or exciton
generation is used to drive transistors or photodetectors. 2D materials also allow
manipulation of the spin and the valley, which could be exploited to encode or process
information in the future. For such technologies beyond the scope of this work, the
interested reader is referred to the specialised literature,!24:127,132-135

All of the phenomenological properties mentioned above render TMDCs interesting for the
next generation of device building blocks in transistors,”136:137 LEDs,'? advanced memory
computing,'3” solar cells,'” as well as photodetectors, which are the focus of this work. An
indicator for the prospect of a material for application can be the number of publications
per year. For the keywords ‘TMDC’ or ‘TMD’ and ‘photodetector’ those numbers are given
in Figure 2.12. Since 2010, the number of publications has nearly increased linearly up to
more than 100 publications a year, containing those words alone in their title or abstract and
nearly 3000 per year containing them in the full text. Thus, the topic is heavily examined
by researchers around the world.
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Figure 2.12. Number (#) of publications per year, containing the keywords ‘TMDC’ or
‘TMD’ and ‘photodetector’. Blue shows the numbers containing the keywords in the paper
title or abstract and red if they appear within the whole paper. The data was acquired using
the tool Dimensions.ai with the numbers as of 09.02.2024.
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2.2.2.1 Mono- vs. Multilayer for Fast Photodetection

The question, whether mono- or multilayers are better can be straightforward, if the
application relies on photoluminescence (PL). There, the PL decreases by orders of
magnitude from the mono- to the bilayer, due to the direct to indirect semiconductor
transition. 28130

For photodetection, which relies on the absorption and the generation of charge carriers
within the material, this question is not as easy to address. Direct optical transitions, like
in monolayer TMDCs, are connected to a larger extinction coefficient than indirect
ones.6:196 - Additionally, intrinsic measurements (see section 2.3.2 for more information) of
the material properties suggest that thinner flakes are faster. For MoTey for instance, the
response time from 35nm thick flakes down to 2nm flakes improved from almost 1ns to
4ps. This was attributed to the time the carrier needs from inside the bulk crystal, by
out-of-plane drift and interlayer transfer, to get to the top electrode.'3® A similar behaviour
was found for WSes.139

Other factors, however, must be taken into account for the extrinsic photoresponse, as they
may outweigh the inherent intrinsic benefits of monolayers. The longer optical path lengths
in multilayers result in a stronger total absorbance and a corresponding increase in
photocurrent. Additionally, the lifetimes of surface defects vary depending on the material
and its thickness. In the case of MoSs, a study on thickness dependence displayed extrinsic
response times that were three orders of magnitude longer for monolayers than those of
multilayers with a thickness of 10 nm. This was attributed to deep surface trap states,
which become increasingly screened in the bulk.'® This defect-related prolonged response
time is referred to as persistent photocurrent.!4!: 42

Although intrinsic studies have shown greater potential for monolayers, for photodetectors,
the defect related influence seem to dominate the response time. This opens up the
question, whether a suitable monolayer with less defects could outcompete bulk flakes?

2.2.3 What Makes a Good (TMDC) Photodetector?

After discussing the basic mechanisms of photodetection and phenomenologically the (opto-)
electronic properties of TMDCs, the question ‘ What makes a good (TMDC) photodetector?’
needs to be addressed with respect to requirements applied in literature: 43

e Speed: operation in the GHz regime

o Responsivity: as high as possible, i.e. 1A/W

e Noise: low dark current as indicator for low noise

« Footprint: small footprint of few pm?

e Compatibility: CMOS compatible to be implemented in existing technology

e Manufacturing costs: preferably low and with simple architecture to enable

upscaling of the process

With these requirements in mind, the approaches to solutions based on literature and the
fundamentals of photodetection can be made.

Detector type. Based on the demands above, such a detector cannot be based on
photogain as it prolongs the carrier lifetime by trapping.®®  Consequently a diode
architecture has to be used and the external quantum efficiency should reach up to 100 % or
alternatively, the maximal responsivity of 1 A/W.

Diffusion time. For diodes it is best to design the device in a way in which the
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diffusion will play no role - e.g. by shortening the channel length below the width of the
depletion region or by extending the depletion region in p-i-n-devices.?% 102144

Mobility. For a fast transit time and a short diffusion time, a high mobility is of
importance, since both correlate negatively: tians,taiff ~ 1/p, see equations (2.4) and
(2.11). In contrast to QDs with typical mobilities in the range of 10°—1072cm?/Vs,??
TMDCs possess orders of magnitude higher mobilities around 10—100cm?/Vs.98: 103,136
This value is still orders of magnitude lower than for graphene with a predicted maximum
of 40000 cm?/Vs.!'36 Thus, implementing TMDCs with graphene into vdW heterostructures
is often done.'®® Since mobility is such an important parameter, a lot of the following
techniques either lead to a better mobility or are depending on it.

Electrode material. A large influence on the contacting situation and thus another
possibility to create a diode, aside pn-junctions, is the creation of a Schottky barrier.
Closely related to the Schottky barrier formation is the electrode material which has
consequently been shown to influence the response time and gain. Thereby, the higher
Schottky barrier resulted in the faster device with less responsivity due to less gain and vice

versa. 145

Dark current. Assuming only thermionic contributions to the dark current (compare
section 2.1.2.3), the dark current is proportional to Iz, ~ exp(—e®sp/kpT), respectively
Ligrk ~ exp(—Eq/2kpT), assuming equal work function of the metal and electron affinity of
the semiconductor and the Fermi level exactly in the middle of the bandgap.'36:146 Thus, a
sufficiently high Schottky barrier or band gap is needed to get a low dark current.

Resistance. The photoresistance determines the RC time of a device, thus a lower
photoresistance can accelerate it. Thereby, it has to be pointed out that the total resistance
Ry consists of a channel / sheet resistance R, and a contact resistance R.. For a channel
with width W and length L this sums up to RrW = Rq L + 2R W, assuming the identical
contact resistance at both sides which might not be the case.'*” Thereby, the resistance has
to include the width of the device, because the contact resistance depends on the contact
area which can be approximated by the width. The channel resistance on the other hand
scales with the length of the channel.'¥” For 2D materials, the contact resistance can be
greatly reduced with edge contacts.”® This will be discussed in more detail in Chapter 4 of
this work.

Channel length. To further lower the resistance, the channel length can be shortened.
For layered materials, vertical detectors create channel lengths only depending on the
thickness of the flake.”! 1In the lateral dimension this requires advanced lithographic
techniques like electron beam lithography, adhesion lithography or edge mediated shadow
deposition. 148150 A positive side effect to the lower resistance is a much faster transit time,
which is quadratically depending on the channel length, c¢f. Equation (2.4). For layered
materials, the interlayer transfer time can further influence the device response time, see
section 2.2.2.1, and thus favour one of the geometries over the other.

Simple design. Although implementing complex photonic structures like waveguides
has been shown to produce fast detectors based on TMDCs,'5%152 at the same time the
grating needed for coupling makes the footprint large and scalability hard. Hence, a simple
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structure, cf. section 2.1.2.4, should be aimed for.

Dielectric engineering. Altering the dielectric environment with so-called high—k
materials like AloO3 or HfOs influences the exciton binding energy and can screen charge
impurity scattering.'3% 193 Depending on the impurity level, different material combinations
may be beneficial.'®* Thereby, not only top dielectrics for simultaneous passivation are of
advantage, introducing a thin high—k layer between the substrate and the material has
shown to reduce charge traps and consequently improve the mobility as well.'®® The goal of
implementing high—# dielectrics is to reach the phonon-limited mobility of a material.'?®

Interface roughness. Similar to a high dielectric constant, a prominent method is the
use of hexagonal boron nitride as smooth substrate, reducing the roughness to get higher
mobilities as well as a reduced doping and chemical reactivity.'®”1*® hBN can further be
taken as isolation layer for gating.'%°

Heterostructures.  Besides the combination with isolating hBN, two different
conducting layered materials, like graphene and TMDCs or p-type with n-type TMDCs can
be combined as well. Thereby, faster or more sensitive detectors are achieved by creating
pn-junctions or due to new emerging properties, like interlayer excitons below the band gap
of the two materials extending the detection wavelength.'617163  Alternatively to the
combination of two 2DM, combining TMDCs with QDs which exhibit a high absorption
coefficient, has been shown to increase or extend the responsivity into the near-infrared.'6
Apart from intensifying the photogating effect, other works tried doping to create vertical
pn-junctions which showed increased responsivity.'6°

Adsorbates. Adsorbates not only influence the mobility by charge impurity
scattering,!%® furthermore, they can reduce the (persistent) photocurrent by acting as
recombination centers.” 166167 On the other hand, adsorbates can lead to minor carrier
trapping which again increases the persistent photocurrent. To circumvent this, passivation
with organic molecules has been shown to reduce the photogating.'®® Other works try to
desorb adsorbates by annealing in vacuum which additionally enhances the electrical
properties.!33:150.158 - Adgorbates have furthermore shown to also influence the dark current
of PDs.?® Alternatively, by using oxygen plasma, an atomically thin oxide layer has been
shown to prevent adsorbed traps while improving the responsivity by 24 times.'%3

Gating Gating is often used to influence the charge carrier density within the active
channel. By using two separate gates, a pure material can be even turned into a
homojunction by creating p-type and n-type areas.'%°

All those methods are used to provide better TMDC devices. In order to reach the limit
of the material-specific response time, the device speed has to overcome any form of transit-
/ drift-; diffusion-, life- or RC time limitation. Assessing the rise time and bandwidth of a
detector as well as its limiting mechanisms can be done by measuring the time-resolved
photocurrent directly. Two principal kind of measurements have to be carefully
distinguished from one another: extrinsic and intrinsic measurements. Those will be
introduced in more detail in the next chapter. In short, the extrinsic photoresponse is
measured to access the speed of the entire device. Thus, it is highly relevant for real
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applications, whereas intrinsic measurements determine the material limit by measuring the
lifetime circle of the charge carriers from creation of the exciton until recombination takes
place. Thus, intrinsic response times display an upper limit which can only be achieved if
all extrinsic decelerations like the RC-, transit- or diffusion time are optimized to be faster
than recombination. From a different perspective, the intrinsic techniques allow
measurements of the fastest processes inside a photodetector, whereas extrinsic
measurements reveal the slowest process.

Furthermore, a high responsivity should be reached to measure with high sensitivity. To
get an overview of the discussed solutions and where they put TMDC based photodetectors,
the figures of merit responsivity and speed can be plotted for the devices. Figure 2.13
shows the responsivity and the corresponding response time of various devices found in
literature. For greater clarity of the plot, the detailed data and linked sources can be found
in Table 2 in the Appendix, which is why they are not marked directly in Figure 2.13.

The responsivity depends non-linearly on the laser power, which can lead to a high
maximum responsivity at a low laser power. At higher laser power, often used for speed
measurements, it might be significantly lower. To account for this, the graphic tries to
take the responsivity at the same set of parameters such as laser power, which are used for
the determination of the speed response. Otherwise, this could overestimate the responsivity.
Accordingly, the values for ® may vary by orders of magnitude in comparison to those usually
found in reviews showing such plots.
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Figure 2.13. Overview of responsivity vs. speed for photodetectors from literature. The
tables and corresponding sources can be found in the Appendix. The horizontal dashed line
is the maximum responsivity for diodes. The solid grey line shows where R/t = 1A/(W us)
which approximately correlates to a GBP of 10°. The bandwidth axis and the response speed
axis are connected via Equation (2.17). The hexagonal blue and yellow markers are referred
to the bandwidth, the red diamonds and blue circles to the response speed. A commercial
silicon diode is given as reference.
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Some studies measure the speed as a function of frequency and thus provide only the
bandwidth. Such values are shown as hexagons whereas the time values are displayed as
circles. Full circles depict pure material detectors and Schottky diodes or split-gate tuned
homojunctions. Empty circles depict material-based heterojunctions between TMDCs and
QDs, other TMDCs, BP or graphene. In yellow, detectors based on complex photonic
structures are shown. The intrinsic response time constants are shown in red. Since for
intrinsic measurements a responsivity is not always given for those values only the time is
of relevance. Within this plot, the focus is on the fastest devices presented in literature,

further data of slower devices can for example be found in similar plots in the following
reviews.T»29,97,98,160,162,169-172

Based on this literature comparison, it becomes obvious that only few extrinsically
measured detectors based on TMDCs, without photonic integration, are faster than the
microsecond regime. Furthermore, it has to be stressed that the direct comparison between
intrinsic and extrinsic time is not possible without further ado and is made here to provide
an imagination of the orders of magnitude which are left for improvements.
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2.3 Investigation of (Opto-) Electronic Properties

Investigating the optoelectronic properties of TMDCs requires a measurement setup which
enables illumination with light as well as electrical readout. The setup used is based on the
work of Dr. Christine Schedel.%? A detailed list of which measurement setup and devices
are used for the examination is given in the respective part of each of the following chapters.
Here, an overview of the important core issues of reliable optoelectronic measurements at
high-speed is given, as well as a scheme of the measurement setup.

2.3.1 Conductivity Measurements

Measuring an electrical response or the conductivity of TMDCs requires the flake to be
connected to metal pads which can then be connected to an external circuit via conducting,
e.g. gold coated, tips, cf. Figure 2.14. By measuring the I-V characteristic the dark current
and photo current magnitude can be extracted. Furthermore, the curve progression can give
hints, whether the detector is a diode or a conductor, cf. Figures 2.8¢c, 2.6c and 2.2c¢ for dark
currents and I-V characteristics under illumination.

2.3.2 Time-Resolved Photocurrent Measurements

2.3.2.1 General Setup Considerations

The implementation of an experimental setup to measure time-resolved optoelectronic
properties needs to consider both the sensitivity of the setup, as well as the bandwidth of
the optical and electronic parts. In general, the least possible number of adapters and the
shortest cable length is always desirable. Additionally, a Faraday cage surrounding the
sample and tips is necessary to shield the sample from disturbing noise. To further
minimize noise, the electrical circuit should be impedance matched to 50 2. Thus, a probe
station is often used for such experiments, with the additional possibility to cool the sample
under vacuum down to 8 K or to measure in different environments like nitrogen or vacuum.
A scheme of the setup is shown in Figure 2.14.
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Figure 2.14. Sketch of the measurement setup used for the time-resolved optoelectronic
measurements throughout this work. Adapted with permission from Ref.3” Copyright 2021
American Chemical Society.
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For measuring the extrinsic properties of a device with a square pulse or an impulse
laser, the electrodes are connected to the external circuit inside the Faraday cage e.g. via
tips. Before connecting to the measurement device, an oscilloscope or a lock-in amplifier
(UHF Lock-In; Zurich Instruments used for the studies), a transimpedance amplifier (TIA)
may be used to amplify the output current into a measurable signal. Hereby, the
bandwidth of the cables, the TTA and the lock-in should be suitable for the sample speed.
If the bandwidth is too low, then the high frequency signals get slowed down. If a bandpass
filter is used e.g. from 10kHz to 2 GHz, then slow signals may be even lost completely, and
the results might get falsified. Also, the smallest bandwidth within the circuit limits the
whole circuit to this bandwidth. A more detailed description of which instrument is used
for which work can be found in the material and methods section of the publications in the
following chapters.

For the measurement of the intrinsic times, only the laser is exchanged to the ASOPS laser
system. The detuning frequency is provided to the lock-in system and the cables are
connected as usual.

2.3.2.2 Extrinsic Measurements

Two different kinds of illumination styles are used in this work: square pulse illumination
simulating steady state conditions and delta-function like impulse measurements simulating
non-equilibrium conditions, or rather realistic conditions of optical transmission. A sketch
of the two different illumination patterns can be seen in Figure 2.15.
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Figure 2.15. Scheme of a) square pulse and b) impulse illumination. The upper graph
shows the laser power and the lower graph the idealized device response plotted against
time. The 10% and 90 % levels of the photocurrent are drawn with dashed lines to sketch
the respective rise and fall times. The inset in b) shows the power spectrum in the dB-scale
acquired by the given formula.

30



2 FUNDAMENTALS 2.3 Investigation of (Opto-) Electronic Properties

Depending on the illumination style used, different information can be obtained. Using
square pulses, the steady state is simulated, meaning, the detector is saturated to the
highest possible photocurrent. If trap states within the material enable photogating /
persistent photocurrent, this becomes visible in these measurements, since traps typically
take longer to be filled.?® 141,142,173 Additionally, the square pulse offers examination of the
rise and the fall time of a system either by measuring the time difference between the 10 %
and 90 % photocurrent level or by (multi-) exponential fitting of the rising / falling flank.!%
Square pulse measurements are ideal to observe the influence of an altered photodetector
e.g. by experimentally adjusting fabrication, active material or geometry towards their
influence on the rise (fall) time. A short guide on how to determine the limiting mechanism
is given in Box 4.

Box 4: Determination of the Speed Limiting Mechanism

Understanding the speed limiting mechanism is key in improving the response time
of a photodetector. In the following, a short guide on how to determine the limiting
mechanism is given.

RC time limitation. tgc = R+ C

A wvariation of the irradiance in a non-saturated system is the simplest way to
observe an RC time limitation, since the photoresistance correlates positively with
the response time. In addition, the time can be calculated or estimated via measuring
or approximating the capacitance and the resistance. Equation (5.1) can be used for
estimating the capacitance of IDEs, while the resistance can be measured.

Transit time limitation. t.q4nsi = L?/(uVsp)

By changing the applied voltage, hints towards a transit time limitation which
correlates negatively with the voltage can be obtained. If the mobility of the material
is known, the transit time can be calculated to verify or reject the hypothesis of a
transit time limitation. Changing the channel length is a possibility too, but this
simultaneously alters the RC time and the diffusion time if non-depleted regions are
present.

Diffusion time limitation. tg; s = [*>/D

Diffusion is only present if there are non-depleted regions in the detector. So
either by increasing the voltage in reverse diode direction, the depleted regions can
be extended,*” or by shrinking the channel size, the non-depleted regions can be
diminished. Furthermore, if the calculation of transit and RC time is significantly
faster than the rise time, exclusion process suggests diffusion limitation.

Lifetime limitation. ;.

Lastly, the lifetime and thus, gain, could limit the detector. This should be visible
when calculating the gain or the EQE directly, since values larger than one are
expected, assuming a moderately fast transit time.

For lateral detectors, the z-direction, in other words, the film thickness, is sometimes
neglected. However, its implications on the above-mentioned times make it a crucial
parameter in observing the time limiting mechanism.”?

. v

For measurements with a deltafunction-like impulse (Figure 2.15b), the rise time is not
significant, since it is solely depending on the laser pulse width and the measurement
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system. The fall time can either be evaluated as usual to obtain the 90 % to 10 % fall time
or the decay can be fitted with exponential and / or power law fits. For the latter, the
initial decay usually represents the exponential recombination mechanism of the material
and initial trapping of charge carriers. The slower tail is often dominated by trap states.
Influenced by the number and depth of trap states this decay can for example follow a
power law. Via Equation 2.15, the impulse measurement readily affords the 3dB bandwidth
via the power spectrum. This bandwidth has the highest relevance for application.

2.3.2.3 Intrinsic Measurements

Revealing the intrinsic temporal material limit is also a measure for the prospects of this
material in a photodetector. On the contrary to extrinsic measurements, which rely on one
single laser, to determine the intrinsic times, all-optical methods are required, such as the
two-pulse coincidence (2PC) technique shown in Figure 2.16.
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Figure 2.16. a) For no time delay At, the two pulses overlap completely and the
photovoltage will thus be minimal, if the lasers saturate the system. b) With increasing
delay time, the overlap between pump and probe laser decreases and the photovoltage will
display an intermediate value. ¢) With large delays between the pump and probe laser, each
laser will excite the sample completely, if the relaxation of each pulse is completed before
the next laser coincides. The photovoltage is then maximal. The final graph, which will be
measured, is sketched in d). The characteristic time constant 7 of the exponential process
can be extracted by fitting. Adapted with permission from Ref.3? Copyright 2022 American
Chemical Society.

A first laser pumps the material into the excited state. After a short delay time At,
a second laser probes how many charge carriers can be re-excited. For small At the re-
excitation rate is low, and the resulting signal small. With variation of the delay time, the
intrinsic photoresponse can be reconstructed measurement point for measurement point and
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the resulting signal be measured at every point in time. Once the second laser can re-excite
all charge carriers, the signal gets to its maximal value. All the measured data points for
the different delay times are plotted in one graph and the time constant can be extracted by
fitting of the data. For this principle to work properly, the saturation of the sample is crucial,
otherwise a coinciding pulse or a small delay time would result in twice the photocurrent, and
they could not be distinguished from two separate pulses with large delay. The saturation
thus puts a limit on the depth of the resulting graph of 50 % in an idealized system which is
completely saturated by the first pulse.

The obtained time constant 7;;, resembles the entire lifetime of the carrier:

T = (ra+ 1)+ (2.24)
with 74 and 7, the charge carrier drift time and transfer time, respectively. Thereby, the
drift time constant is similar to the drift / transit time discussed before and the transfer
time resembles a charge transfer e.g. between two materials or two layers in the case of
TMDCs. 7, is the recombination time of the charge carriers. Typical values of 7;, vary
from several picoseconds to hundreds of nanoseconds.!™ The accessible time window of the
2PC method is defined by the largest possible delay time of the correlated pulses. At the
lower end, the pulse width of the laser limits the resolution. Consequently, a temporal
resolution down to tens of femtoseconds is possible.

Conventionally, the 2PC, also called photocurrent autocorrelation technique, relies on
splitting a laser beam and delaying one of the resulting beams with a mechanical delay
line before recombination of the then cross-polarized beams by a translation stage. For each
delay time created by the delay line, one photocurrent is measured and the correlation is thus
reconstructed point by point. A more sophisticated method of achieving the same result is by
asynchronous optical sampling (ASOPS). The working principle of ASOPS is similar, but a
detuned repetition frequency ¢ f of the pump laser relative to the probe laser is used to form
a pump-probe delay. When the first pulses coincide, the difference in repetition frequency
Af creates a successive offset for the subsequent pulses as a delay time. The delay time
window displayed in the end is determined by the repetition frequency of the laser as 1/ fyp
and amounts to 1/100 MHz=10ns for the one available in this work (Chapter 6). The scan
resolution Atg, assuming a deltafunction-like pulse, is determined by the offset frequency and
the repetition rate f,p as>?

_ Af Af
B frep*(frep+Af) fgep.

This equals 10fs for a detuning frequency of 100 Hz, which can subsequently become worse
by the pulse width. The advantage of using ASOPS over the delay line is the time efficiency
and elimination of mechanical vibrations in the delay mirrors. The acquisition time in ‘real
time’ is just 1/Af, which would be 10ms for Af = 100Hz. Additionally, the time window
covered by ASOPS, is much larger in comparison to typical literature time windows in the
picoseconds up to 250 ps3?:138:175 and rarely nanoseconds.'7®177 A drawback can be jitter
and the limitation to one laser wavelength within one ASOPS laser system.

Aty (2.25)

2.3.3 Confocal Microscopy

Confocal microscopy is a commonly used technique in life science to improve image quality
by cutting of a lot of disturbing out-of-focus information with a pinhole. For imaging
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purposes it offers a vastly improved z-resolution and by scanning, images can be
reconstructed that offer much higher resolution than in conventional widefield microscopy.%*
Those advantages are not equally beneficial for characterizing photodetectors as for
high-resolution imaging and are therefore not described in detail here, the interested reader
is referred to the following Refs.64 178,179

The key take away of confocal microscopy for this work is the improved spatial resolution.
In an optimized setup, the illuminated area is only limited by the diffraction limit and the
observed area can be approximated by a so-called Airy disk. The minimal size of the
focused light is limited by the wavelength A and the numerical aperture (NA) of the
objective used. The diameter D can be calculated according to D sy = 1.22 ¥ A/N A 64,180
Thus, the irradiance, the radiant flux per surface area, can be enhanced drastically when
reducing the size of the illuminated area by confocal microscopy. A drawback of this
method is the reduced intensity of the laser beam due to the blocking of light which is
off-center by the pinhole. A sketch of the confocal microscope used in the course of this
work can be found in Figure SI5.15.
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2.4 Microfabrication Techniques

The field of microfabrication enables building devices like transistors or photodetectors with
precise electrode geometries, defined material thicknesses and highly-customizable samples
as well as commercialized mass productions of computer chips or similar integrated circuits.
The seemingly endless possibilities and methods are beyond the scope of this work and the
interested reader is referred to elsewhere.'®17185 In this section, the methods for fabricating
the devices used in this work are briefly introduced and explained.

2.4.1 Mechanical Exfoliation

For this work, the TMDC crystals are mechanically cleaved from bulk following the
deterministic transfer method.'?® In short, an optical microscope equipped with a transfer
stage for micrometer precise control of the three axes is needed for this procedure. The
TMDC (MoSy or WSes) is cleaved once with a sticky scotch tape. From there, the flakes
are transferred to polydimethylsiloxane (PDMS) on which a suitable flake for stamping can
be determined with the microscope. Hereby, it is important to mention that this process is
statistical and parameters like the peel-off speed of the adhesive tape may influence the
procedure. Once a flake with a suitable morphology is found, the PDMS stamp is pressed
onto the final substrate at the position of interest. After a few minutes, the stamp is slowly
and carefully peeled-off and in the ideal case, the transfer is complete.

2.4.2 Optical Lithography

For microfabrication it is crucial to minimize contamination sources and thus, if possible,
all the steps should be done in a clean room environment.

The cleaned and HMDS (hexamethyl disilazane) functionalized glass substrates either with
or without TMDC flake on them are the basic substrate used throughout this work.
Thereby, the HMDS is necessary as adhesion agent between the photoresist and glass
substrate. The multi-step process of lithography is schematically illustrated in Figure 2.17.
First, an UV-sensitive photoresist is spin-coated onto the substrate. By adjusting the
rotation parameters, the thickness can be controlled. Subsequent soft baking is used for
curing of the resist. In the next step, the resist is selectively exposed to UV radiation to
alter its solubility. Therefore, two different kind of resists have to be distinguished: negative
and positive resist. For positive resists, the exposed parts become better soluble in a
subsequent development step. Conversely, negative resists polymerize and thus become
insoluble at the exposed parts, whereas the unexposed parts retain their solubility.'8!

The selective exposure is conventionally achieved with a mask, displaying the pattern
which has to be transferred into the resist.'8%¥% Instead of using such a mask-based
technology to control the light, a pixel array of mirrors can be used instead of selective
exposure of the resist using a so-called maskless aligner.' This combines two advantages
for the deterministic fabrication of electrodes exactly on top of a TMDC. On the one hand,
the flake can be specifically targeted and positioned with the included microscope. On the
other hand, the electrode design can be tailored to the flake and is not rigid and fixed like
in a mask, where each design needs an extra mask.'®® Following the exposure is the
development of the structure by dissolving the better soluble parts of the resist.
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After development, the shown lithographic scheme can be extended by an additional
step of reactive ion etching (RIE) with the patterned resist being an etching mask for the
underlying substrate. Inside a chamber, radicals and ions are accelerated by an external
field towards the sample and a mixture of selective etching due to the used plasma, like Oq
or SFg, and physical ion bombardment takes place.'®" Within this work, this process is
used to selectively etch TMDCs at the positions of the electrodes, leading to edge contacts,
cf. Chapter 4.

 Photoresist
EBL resist

Substrate Substrate

UV radiation tt* ' Exposure' ' ' * lll Electron beam
i U

Development Polymer removal

\ A AR W W |
' Metallization *

* Lift-off *

negative resist positive resist

Figure 2.17. Scheme of optical and electron beam lithography for positive and negative
resist based on the fabrication performed in this work.

Independent of whether RIE was utilized or not, next, the sample is metallized with the
desired material in an evaporation machine. This is either done by thermal evaporation
until the material evaporates and condensates on the substrate surface or by electron beam
evaporation, in which the material is bombarded with electrons until it evaporates.'®*
Usually an adhesion layer of e.g. titanium is needed for gold to better stick to the
substrate.'® Lastly, in the lift-off the residual resist is dissolved and with it the metal
which is not in direct contact with the sample surface. Consequently, only the electrode
structure remains and the samples are ready to be characterized. Although the features of
negative and positive resist are exaggeratedly drawn in Figure 2.17, negative resist often
exhibits some undercut see step 4 in Figure 2.17, due to the exposure of the parts that
remain.'®"  Thus, in the lift-off they tend to form smoother edges than positive resist
structures, which suffer from small spikes which could influence the stamping process for
bottom contacts.
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2.4.3 Electron Beam Lithography

Electron beam lithography (EBL) has the same basic principle as optical lithography, cf.
Figure 2.17. By switching from a UV light source to an electron beam with much shorter
wavelength, the resolution can be drastically improved, depending on the scanning electron
microscope (SEM) down to a few tens of nanometer or less.'®* For close packed structures,
proximity effects induced by the scattering of the electrons inside the material can limit the
resolution and have to be corrected for.'82184 During exposure with electrons, the resist is
charged and at some point, this negative charge would deflect the incoming electron beam
and worsen the resolution. To account for this, either a thin conductive layer is deposited
underneath the resist, which would short-circuit electronic measurements later on, or a
conductive polymer layer is spin-coated on top to prevent charging.!®? This conductive
layer has to be removed before the development of the electron-sensitive resist. Since this
process takes long due to the scanning with high resolution, positive electron beam resist is
used. 82

2.4.4 Characterization Methods

Accompanying the time-resolved photocurrent investigations of TMDCs are other methods
to determine experimental parameters like electrode spacing or thickness of the flakes.

Profilometry. A common method to determine the surface topography is profilometry.
Herein, a diamond stylus presses with a defined force onto the sample and is then moved
linearly across its surface.!®” The obtained profile can be used to determine a flake height.

Scanning electron microscopy. For size features below the diffraction limit of visible
light, an SEM is used due to its nanometer resolution. Thereby, either lateral structures
can be resolved with great detail or by tilting the sample a cross section, and thus a height
profile can be observed and measured.

Photoluminescence. Having distinct PL features that vary with thickness and from
material to material, analysing the emission of TMDCs is a great tool to distinguish
atomically thin flakes (one to three layers) with only minimal changes in their height
profile. 130
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3.1 Abstract

The electrical 3dB bandwidth is regularly used as a measure for the response speed of a
photodetector and is estimated via various approaches in literature, ranging from direct
measurements to gauged values via approximations. Great care must be taken when
comparing these 3dB bandwidths, since approximations are only strictly valid for ideal
circuits. This paper demonstrates that, for typical photodetectors based on new emerging
nanostructured materials, namely quantum dots and transition metal dichalcogenides, the
bandwidth can deviate up to 103 depending on the chosen approach for the bandwidth
specification.

3.2 Introduction

For the development of new materials and devices for time-resolved (opto-) electronics, the
analysis in the time- or frequency-domain is a pivotal task. Nearly a hundred years ago,
a first connection between those two domains was established by Kiipfmiller’s uncertainty
principle,'®® which laid the foundation for connecting the electrical bandwidth to the time-
response in telecommunication. In data transmission and receiving, the bandwidth is a crucial
measure for the maximum frequency of device operation under which two data points can
still be distinguished. Traditionally, the 3 dB bandwidth is taken, which is the frequency at
which the power of the response has decreased to fifty percent.''>189 The main approaches for
determining the electrical 3 dB bandwidth of a photodetector are either direct measurements
in the frequency domain®” ' or measuring the time-resolved photocurrent vs. varying laser
repetition rates.5%:1917193 If only one repetition rate is chosen, the impulse photoresponse
(f(t)) is regularly used to calculate the power spectrum (P(w)) via fast Fourier transformation
(FFT) :68, 194-202

P(w) = |FFT(f(t)P (3.1)

Upon normalization against the power under steady state conditions (P;), the electrical
bandwidth is obtained according to dB = 10logio(P(w)/ P} ).

Another, more convenient approach involves the analysis of the response time (7) or the rise-
time (,ise) obtained by time-resolved square pulse-96:192:203 o1 sinusoidal-203-2%% illumination
of the device. However, these techniques require a conversion formula to approximate the
3dB bandwidth f345, and by far the most commonly used one is:?2,190-192,203,206-212

fgdB = 0.159/7' = 0.35/tm'se (3.2)

We stress that this approximation only holds true for ideal circuits consisting of an RC-device
behaving like a first order pole low-pass filter.?!3:214 Other approximations used range from
f3aB = 1/trise>> 27 up to faap = 2.2/trise.>'® In addition, Equation (3.2) is also applied to
infer the 3dB bandwidth from the impulse response of a material by inserting the fall time
in place of the rise time into Equation (3.2).219

In light of the growing attention devoted to nanomaterials and their photodetecting
properties,??%:221 we note that the above-mentioned approximations are frequently applied,
although many nanostructured photodetectors are far from representing ideal circuits and
the required first order pole low-pass filter characteristics. This is likely to introduce
inconsistencies in the reported 3dB bandwidths with potentially misleading conclusions for
the comparison of studies that apply different methodologies for determining f3gqp. The
purpose of this work is to evaluate the magnitude of the deviations in f3;p for typical
nanomaterials when the ideal circuit approximation is applied compared to the exact
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bandwidth determinations outlined above. Specifically, we investigate a commercial silicon
p-i-n photodiode for reference, two detectors based on quantum dots (QDs) and two devices
made from the transition metal dichalcogenides (TMDCs) MoSy and WSes. The QD
detectors are iodide-capped CdSe QDs crosslinked with the organic dye zinc
p-tetraaminophthalocyanine, (hereafter referred to as CdSe/I-/Zn4APc) as well as PbS
QDs crosslinked with ethane-1,2-dithiol (PbS/EDT). We use square-pulse measurements for
the steady-state and impulse excitation for the non-steady state response. From the latter,
we determine f3yp according to Equation (3.1). We compare this value to the
approximated bandwidths according to Formula (3.2).

3.3 Experimental Section

Detectors. The commercially available photodiode BPW 34 (expected rise time: 20ns for
5V reverse bias, 502 load resistance) by Osram Opto Semiconductors®?? was investigated.
For the PbS/EDT photodetector the particles were synthesized after a route of Weidman et
al.?23 and the ligand exchange was performed according to Luther et al.!'3 The films were
prepared on a glass substrate with interdigitated electrodes (4nm Ti / 20 nm Au, 2.5 pm X
1cm, finger width 20 pm, film height) as reported elsewhere.?® In short: 7.5ml oleylamine
and 0.04 g sulfur were heated to 120 °C for 20 min in an oil bath under nitrogen atmosphere
before allowed to cool back to room temperature while maintaining the nitrogen flow. For
the lead solution 7.5ml oleylamine and 2.5g PbCly were degassed for 10 min at a Schlenk
line (150 mTorr) before heating under oxygen exclusion to 120 °C. The flask temperature was
held at 120°C while 2.25 ml of the previously prepared sulfur solution was injected. Then
the reaction was quenched after 6 min by putting the flask into a water bath and adding
20ml cold hexane, yielding 6 nm sized PbS quantum dots. Device preparation was done in a
nitrogen filled glovebox by covering a glass substrate with 75 ul of the PbS hexane solution
and spin coating after 30s for 30s with a speed of 20rps. Then, 150l EDT acetonitrile
solution (5 mM) was added and again spin coated with the same parameters after 30s. 150 nl
acetonitrile were added and after 30 s spin coated (30s, 20rps). All three steps were repeated
twice, before the device was put under vacuum for half an hour. The film thickness amounted
to approximately 50 nm. The detector was examined under vacuum.

For the CdSe/I-/Zn4APc devices, 4.5+0.4nm sized CdSe QDs were synthesized
according to Sayevich et al.??* In short, 176.0mg CdO, 8.0 g trioctylphosphine oxide, 8.0g
hexadecylamine, 2.2mL oleic acid, and 45.8 mL 1-octadecene were kept under vacuum
(~103mbar) for 2h and were heated to 300 °C under nitrogen afterwards. A clear solution
was formed, then the temperature was reduced and held at 275°C for 30 min. A solution of
126.0 mg Se in 4 mL trioctylphosphine, 4 mL trioctylphosphine, and 4 mL 1-octadecene was
injected into the reaction mixture, then the temperature was increased to 280°C and kept
there for 45min. Afterwards, the reaction was quenched by a sudden cooling with cold
water. The QDs were purified by precipitation with ethanol (twice) and acetone (twice)
and redispersed in hexane. For the ligand exchange with iodide, 0.84 mL of a 60.5 mg/mL
CdSe solution in hexane was stirred over night with 300 pL of a 1M solution of NHyI in
N-methylformamide and 2.7mL acetone. The mixture was centrifuged, washed with
acetone, and redispersed in 400pL  N-methylformamide. Subsequently, the
CdSe/I-/Zn4APc films were prepared as reported elsewhere.??® In short, 45 pL of an 88 uM
QD solution in N-methylformamide and 65 pL of a saturated Zn4APc solution in DMSO
were deposited on a glass substrate with interdigitated electrodes on top (4nm Ti / 20 nm
Au, 350nm x 10mm, finger width 80nm). After film formation over-night, excess solvent
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was spun-off the substrate, the film was washed with acetonitrile to get rid of unbound
Zn4APc, and the film was annealed at 190 °C for 30 min. The film was inhomogeneous with
up to 3.5 pm thickness, as reported elsewhere.?” The detector was examined under vacuum.

The WSes transition metal dichalcogenide detectors were prepared as reported
elsewhere3® using scotch tape exfoliation of TMDC flakes onto lithographically fabricated
electrodes (WSez: 2nm Ti / 10nm Au, MoSse: 4nm Ti / 20nm Au, 5pm x 80 pm, finger
width 10 pum, flake thickness WSey: 30 nm, flake thickness MoSs: 110nm). In contrast, the
MoS, detectors were fabricated by exfoliating the TMDC first before performing
lithography onto the flakes. Prior to evaporation of the electrode material, the flake was
etched with a mixture of O2/SFg plasma (100W, 25% Oy / 75% SF¢, 50mTorr, 15s) to
get an edge-on contact.??6:227 Both TMDC detectors were prepared onto glass substrates
and examined under atmosphere.

Transient photoresponse. The time-resolved photocurrent measurements were
carried out at room temperature in a Lake Shore Cryotronics probe station CRX-6.5K.
Steady state photoelectric response was measured using square pulse illumination of the
photodetectors. A fast switchable laser driver (FSL500, PicoQuant) was used, operated
with a Hewlett Packard 33120A arbitrary waveform generator at 100 Hz. The 635 nm laser
diode has a laser rise time of < (0.5ns and an optical output power of <12mW. The impulse
photoresponse of the photodetectors was examined with a picosecond pulsed laser driver
(Taiko PDL M1, PicoQuant), using a 636 nm laser head with a pulse width of <500 ps. For
100kHz repetition rate, 22uW average optical power was chosen for the nanostructured
detectors. The given laser powers were reduced by inefficient coupling into the optical fiber,
scattering, decollimation of the beam and due to the different detector sizes, an unfocused
beam was used with the laser spot usually being larger than the detector area under study.
The photodetector electrodes were contacted with 50€) matched tungsten probes and
40 GHz coaxial cables chosen as short as possible. For the homebuilt detectors, the current
was preamplified with a FEMTO DHPCA-100 current amplifier. The photocurrent of all
devices was measured with a Zurich Instruments UHFLI lock-in amplifier with a Periodic
Waveform Analyzer Function, which averaged the signal from 2 G samples. All signals were
background corrected. The maximum time resolution amounts to 600 MHz, which is the
signal input limitation of the lock-in amplifier. For the QD devices the Fourier transform
was done after applying zero-padding to mimic a 12.5 kHz measurement for the CdSe and a
250 Hz for the PbS device in order to determine the 3 dB bandwidth.

3.4 Results & Discussion
3.4.1 Commercial photodiode

The normalized photoresponses of the commercially available silicon p-i-n photodiode BPW
34 by Osram Opto Semiconductors are shown in Figure 3.1. The photoelectric response
towards a 635 nm 3 MHz square pulse illumination with 100 ns pulse width under 5V reverse
bias and with a 502 load resistance is given in Figure 3.1a. Steady state photocurrent is
reached and a rise time (10 — 90 %) of 23.8 ns is determined. This matches the rise time of
approx. 20ns given in the data sheet of the diode.??> We approximate fsqp with 14.7 MHz
according to Equation (3.2). The response of the detector towards 636 nm 3 MHz impulse
illumination is depicted in the inset of Figure 3.1b, and the bandwidth spectrum is calculated
according to Equation (3.1), shown in Figure 3.1b. A 3dB bandwidth of 18.0 MHz can be
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specified. With the fall time of the impulse response used as an estimate for the rise time of
the square pulse response, a bandwidth of 20.7 MHz is expected. The bandwidths determined
by the three approaches match closely, indicating a near-ideal circuit, and the diode can be
specified with a bandwidth of roughly 17.8 + 3MHz. All bandwidth values are depicted in
Figure 3.1.
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Figure 3.1. a) Normalized photoresponse of a BPW 34 photodiode towards a 635 nm 3 MHz
square pulse laser. b) Fourier transformed photoresponse of the same diode towards a 636 nm
3 MHz impulse laser. Inset: normalized impulse photoresponse.

3.4.2 Photodiodes based on nanostructured materials

The channel lengths for the nanostructured photodetectors are 5 pm for PbS/EDT, 350 nm
for CdSe/I-/Zn4APc, 15 pm for MoSy and 5 pm for WSes. While we used bottom electrodes
for the QD detectors, we exploited both bottom face-on and edge-on electrode geometries
for the TMDC based detectors, to enable a better transfer of the charge carriers to the
electrode.” We worked under low electric fields of 0.40kV/cm and 0.67kV/cm for the
WSes, MoSs detectors, respectively, to avoid breakdown of the devices. For the more stable
PbS/EDT and CdSe/I-/Zn4APc devices, we applied 5.00kV/cm, 85.7kV /cm, respectively.
We measured the QD devices under vacuum due to their susceptibility to oxygen and the
more inert TMDC devices under atmosphere. A detailed description of the photodetector
preparation is given in the section Materials and Methods. Thus, the choice of
nanostructured devices investigated here reflects a large variety of different materials,
electrode geometries, preparation procedures, and measurement conditions. The
photoresponses of the four different nanostructured detectors are given in Figure 3.2, with
the measurements performed on QD systems shown in Figures 3.2a (square pulse), 3.2b
(impulse), and on TMDCs shown in Figures 3.2c (square pulse), 3.2d (impulse).

For the PbS/EDT device, we find a rise time of 4.9 ps which translates into a 71.7kHz
3 dB bandwidth using Equation (3.2). Compared with the result of 1.1kHz determined via
Fourier transformation of the data in Figure 3.2b, this seventy-fold difference highlights the
poor applicability of the first order pole low-pass filter approximation in this case. Similarly,
the CdSe/I-/Zn4APc exhibits a rise time of 61.5 s, which corresponds to an approximated
5.7kHz bandwidth. In contrast, the bandwidth determined via Fourier transformation is five
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times larger with 28.8 kHz. We note that using the impulse fall time for the approximation
via Equation (3.2) agrees perfectly with the result after Fourier transformation for PbS/EDT
(1.1kHz), but with 18.0 MHz it deviates by almost three orders of magnitude for CdSe/I-
/Zn4APc.
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Figure 3.2. a) Normalized photoresponses of the four photodetectors towards both, square
pulse illumination (a, ¢) and impulse illumination (b, d), giving the bandwidth spectrum.
The two QD systems are shown in a) towards a 635nm 1kHz square pulse laser and in b)
with the bandwidth spectrum determined via Fourier transformation of the photoresponse of
the QDs towards a 636 nm impulse laser with 50 kHz (CdSe) and 1kHz (PbS) laser repetition
rate. The responses of the TMDC systems are shown in ¢) towards a 635nm 10 kHz square
pulse illumination and in d) together with the bandwidth spectrum for a 636 nm 100 kHz
impulse illumination.

For MoSs, the approximated bandwidth is 87.5kHz (Figure 3.2c), which compares to
1.4 MHz upon Fourier transform of the impulse photoresponse (Figure 3.2d). Likewise, the
approximated bandwidth of the WSes device is 276.0kHz, compared to 0.7 MHz after
Fourier transform of the impulse response. When utilizing the impulse response fall time in
Equation (3.2), the bandwidths are estimated with 3.6 MHz for both devices. All
bandwidths estimated with Equation (3.2) or the Fourier transformation of the impulse,
Equation (3.1), are shown in Figure 3.3 for easy comparability.

While the analysis of the commercial photodiode (representing a near-ideal circuit)
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verifies that all four approaches for determining the 3dB bandwidth utilized here can lead
to good agreement, significant differences are observed for the nanostructured devices. The
largest deviations arise for the CdSe detector with a factor of 3x103. The PbS detector and
the MoSy detector show deviations of around 65 and 40, respectively, and for the WSes
device, still a factor of 10 is detectable. We argue that the bandwidth determined via
Fourier transformation of the impulse response gives the most accurate result, since it uses
a complete signal as basis for the calculation without any approximation. It is evident that

the approximation in Equation (3.2) can lead to drastic over- and underestimations of the
3dB bandwidth without a clear trend.

107¢ -
[ [OR 8

—_ i < S
N o~ 0 ©
T i L 0 mE
— 106 d g¢
c F g = =
-
i)
; L
2 10%
G 3
o]
m L
O 104

BPW 34 PbS CdSe MOSZ Wse2

Figure 3.3. Overview of all bandwidths derived with either Equation (3.2): f3qp = 0.35/t
using the respective square pulse rise / fall time or the impulse fall time or the bandwidth
estimated using the Fourier transformation of the impulse response with Equation (3.1).

We note that the 3dB bandwidth can depend on the illumination intensity,?'®22® which
needs to be considered as an alternative explanation for the different results obtained from
the square pulse vs. the impulse data. However, two observations speak against a dominant
contribution of this dependence: I) We find no significant deviations for the commercial p-i-n
photodiode despite using two different laser sources. II) Even the results obtained from the
impulse photoresponse with the same illumination intensity yield largely different values as
demonstrated for the CdSe/I-/Zn4APc detector, where the deviation amounts to a factor
of 625. These large deviations in the 3dB bandwidth of one and the same photodetector
highlight that care must be taken when comparing 3dB bandwidths of different devices

specified via different approaches. We suggest to primarily compare the bandwidth values
detected with the identical approach.

44



3 PITFALLS IN DETERMINING THE BANDWIDTH 3.5 Conclusion

3.5 Conclusion

We apply four related methods to determine the electrical 3dB bandwidth of photodetectors
based on CdSe or PbS nanocrystals, MoSy or WSes nanoflakes as well as a commercially
available photodiode for reference. While we find similar results with all four methods for
the commercial, ideal photodiode, the derived 3 dB bandwidths for the nanostructured, non-
ideal photodetectors differ by up to 10® depending on the applied method/approximation.
These discrepancies need to be taken into account when comparing non-ideal photodetectors
— such as most devices based on nanoparticles - with existing data. We recommend comparing
only bandwidths obtained with the same method.
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4.1 Abstract

We use a facile plasma etching process to define contacts with an embedded edge geometry
for multilayer MoSs photodetectors. Compared to the conventional top contact geometry,
the detector response time is accelerated by more than an order of magnitude by this action.
We attribute this improvement to the higher in-plane mobility and direct contacting of the
individual MoSs layers in the edge geometry. With this method, we demonstrate electrical
3 dB bandwidths of up to 18 MHz which is one of the highest values reported for pure MoSs
photodetectors. We anticipate that this approach should also be applicable to other layered
materials, guiding a way to faster next-generation photodetectors.

4.2 Introduction

The rise of 2D materials in optoelectronics has led to remarkable research results in recent
years, from ultra-thin transistors®® to single-layer light-emitting diodes'? and novel
photodetectors.??%230  For the latter, two properties are of particular interest: device
responsivity and device speed. For high frequency applications, silicon and InGaAs are the
most advanced materials today,'® but they are starting to reach physical limits. A possible
alternative is found in layered materials. The intrinsic photoresponse of these layered
materials such as graphene or transition metal dichalcogenides (TMDCs) has revealed
response times in the picosecond regime.30 This intrinsic response is a measure for the
pure, material-specific photoresponse and defines an upper limit for an ideal photodetector,
in which the speed is solely limited by the active material. However, in most devices the
actual speed is furthermore affected by extrinsic properties related to the device geometry,
such as the RC- or transit time. Pure TMDC devices exhibit typical response times ranging
from milliseconds®® 17 to seconds,® 172231 with a few fast devices in the microsecond
range30,94:98,140,172 a1 even less in the sub-microsecond regime.” Many methods have
been used in the search for ultrafast photodetectors based on nanomaterials: chemical
doping,??? heterojunction implementation,??>234 photonic waveguide integration,?3® and
small channel lengths,3"?! to name a few. In addition, parameters such as the choice of
substrate,?”3® interface roughness,??® electrode material,'4%15%231 and geometry?? 237,238
or environment3* %3 must be considered each time.

Traditionally, top contacts above, or bottom contacts below the active material are used for
nanomaterial photodetectors. More advanced structures can also be built by a vertical
arrangement of electrodes and desired material.?%?! In addition, layered materials can be
contacted at the edge of the flake.”>240 Thereby, instead of touching the surface of the
layered material, cf. Figure 4.1a, the edge of a flake is uncovered, for example with
etching,2%24 and the electrodes are evaporated on the edge of the material, cf.
Figure 4.1b.

An SEM-image of an etched flake showing the exposed edge of a MoSy flake can be seen in
Figure 4.1c and Figure SI4.2. These one-dimensional edge contacts have attracted much
attention in recent years. They are being investigated for their reduced transfer
length,242:243 Jower contact resistance,”® 2447246 hetter control of the Schottky barrier,247-248
higher capability of charge injection?4® 249
examples. However, to our knowledge, the effect of edge contacts on the response time
properties of TMDC photodetectors is still unknown.

or Fermi level depinning, 241247 to name a few
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a Top contact

el

Photoresist

Edge contact

Figure 4.1. Schematic of an a) top contacted and b) edge contacted MoSs crystal. ¢) SEM
image of an etched MoSs flake.

In this work, we investigate the difference between edge electrodes and conventional top
electrodes and their influence on the response speed of pure MoSs photodetectors. The
MoS, flakes studied here were exfoliated using a standard scotch tape / PDMS exfoliation
method.?*® They are between 50 and 200nm thick, see Figure SI4.le, and can thus be
considered bulk crystals where the height no longer affects the properties.'4® We show that
the electrode geometry of the device — edge electrodes instead of top contacts — accelerate
the decay time by at least an order of magnitude. Primarily, we have studied the steady
state photoresponse towards a 635nm square pulse with some additional non-steady state
measurements towards a 636 nm impulse laser. By using these techniques, pure MoSs devices
can be realized with one of the highest recorded bandwidths of more than 18 MHz. We
hypothesize that this geometry should be particularly advantageous for TMDCs in view of
the much more efficient in-plane transport compared to transport across several van-der-
Waals layers.

4.3 Experimental Section
4.3.1 Fabrication

MoS, detectors were fabricated by exfoliating TMDC flakes with scotch tape onto cleaned
glass substrates functionalized with HMDS. For the bottom contacts, the flakes were
stamped directly onto lithographically fabricated electrodes (2.5-20 um x 80 um). For all
other electrode geometries, optical lithography was performed directly on the flakes using a
maskless aligner (uMLA Heidelberg Instruments). For the edge contacts, an additional
plasma etching step is performed before vapor deposition of the electrode material. The
platelets were etched with a mixture of O2/SFg plasma (100W, 25% Oy / 75% SF,
50mTorr, 20s). The electrode material, e.g., 4nm Ti and 20nm Au, was evaporated at a
pressure of < 2x10% mbar. The detectors were examined under atmospheric conditions.

For the Ti:Au top contacts as well as the Au edge electrodes, 4nm Ti and 20nm Au were
evaporated. For the Ti edge contacts, 2nm Ti and 4nm Au or only 25nm Ti were
evaporated. Since they have shown similar behavior, their data is shown jointly. The Au
bottom contacts are made of 4nm Ti and 20nm Au and the Ti bottom contacts of 25nm
Ti.

4.3.2 Transient photoresponse

Time-resolved photocurrent measurements were performed at room temperature in a Lake
Shore Cryotronics CRX-6.5K probe station. Square pulse illumination of the
photodetectors was used to measure the steady state photoelectric response. For this, a
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fast-switching laser driver (FSL500, PicoQuant), driven by a Hewlett Packard 33120A
arbitrary waveform generator was used. The 635nm laser diode has an optical output
power of <12mW and a laser rise time of <0.5ns. The non-steady state photoresponse of
the detectors was investigated with a picosecond pulsed laser driver (Taiko PDL M1,
PicoQuant) utilizing a 636 nm laser head with a pulse width <500 ps. For a repetition rate
of 100kHz, an average optical power of 22 yW was chosen. The laser powers were further
reduced due to decollimation of the beam, inefficient coupling into the optical fiber and
scattering. An unfocused beam was used with a laser spot larger than the detector area.

50 €2 matched tungsten probes and 40 GHz coaxial cables as short as possible were used to
contact the detector with the external circuit. A transimpedance amplifier (FEMTO
DHPCA-100) was used to preamplify the current before measuring with a Zurich
Instruments UHFLI lock-in amplifier with a Periodic Waveform Analyzer function
averaging the signal from 2 G samples. Before further analysis, the signals were background
corrected. The bandwidth of the lock-in amplifier is 600 MHz which is further reduced to
14-200 MHz by the variable gain transimpedance amplifier.

For some contacts, the Fourier transform of 100 kHz measurements was performed after
applying zero padding to mimic a 25 kHz measurement and determine the 3dB bandwidth.

4.4 Results and discussion
4.4.1 Steady state photoresponse of edge and top contacted MoS,

Square pulse laser measurements determine the rise time to reach steady state as well as
the corresponding fall time. This allows investigating the influence of changing the
electrode geometry and / or the contacting metal for both parameters, which we used to
study the effect of an edge contact compared to titanium:gold top electrodes (Ti:Au top).
For further information and a scheme of the measurement setup used, the interested reader
is referred to our previous work.3”

The edge geometry is either fabricated with the same ratio of Ti:Au (Au edge) or with the
inverted ratio of titanium and gold (Ti edge), referring to the predominant contacting
metal. See Figure SI4.3 for the fabrication process. Typical square pulse responses of these
three geometries are shown in Figure 4.2a.

The fall time accelerates tremendously for the edge geometry, while the rise time
accelerates only slightly. We attribute this result predominantly to the geometry but note
that the metal also plays an important role. The significance of each effect can be seen in
Figure 4.2b, which shows the box-and-whisker plots across all 10kHz square pulse
measurements for all investigated Ti:Au top and Ti and Au edge contact flakes (4 Ti:Au
top, 8 Au edge, 5 Ti edge contacts; 18 Ti:Au top, 74 Au edge, 46 Ti edge measurements).
Thereby, the box includes all values from the first to the third quartile, while the whiskers
span to the value maximal 1.5 times the box size away. Every value exceeding this range is
displayed as an outlier. Again, the rise time does not show much improvement in the
median values, although some contacts display much faster rise times for the edge contact
compared to the top contacts. In contrast, the fall time shows a massive acceleration for
the edge contacts, an improvement of at least a factor of eleven for the mean value
compared to the top contacts. This uneven acceleration can be attributed to the multiple
mechanisms that play a role in the rise time compared to the fall time, like generation of
electron-hole pairs. The large spread in the Au edge data is caused by the slightly bigger
sample size, a pronounced persistent photocurrent effect for especially higher bias
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voltages,'? cf. Figure SI4.4, and the specific challenges of the fabrication of edge contacts:

As can be seen in Figure 4.1c, the etched flank is bolt upright, but it has a slight tendency
to be tilted either inwards or outwards, thereby changing the contact angle for the edge
electrodes and thus the quality of the contact. To further improve the edge contact in the
future, more dedicated procedures like the etching process by Cheng et al.?4? may be
beneficial, which has the benefit to produce edge contacts with greater reliability and
control over the environment.
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Figure 4.2. a) Normalized square pulse response of a top contact (ochre), a titanium
edge contact (blue) and a gold edge contact (red). All measurements performed with a
635 nm square pulse laser with 10kHz repetition rate, 15 um channel length, 0.1V bias
applied. b) box-and-whisker-plots of all 10kHz, 635 nm square pulse measurements for each
electrode configuration. The left half displays the rise times, and the right half the fall times.
Measurements of 18 Ti:Au top, 74 Au edge, 46 Ti edge measurements contacts are included
at various bias voltages between -1 and 1V.

We attribute the accelerated response times to the improved contacting method.

Conventional top contacts with vapor deposited electrodes have many defects and
hybridization in the first layers,?°" eliminating the van der Waals gap between the electrode
and TMDC. Underneath, however, are many more layers with vdW gaps and thus
tunnelling barriers that must be overcome to inject a charge carrier into the electrode. In
the geometry of the edge electrodes, (nearly) all layers are contacted and charge transport
to the contact occurs in the plane of the MoSs, crystal, which has much higher mobilities.2%!
This greatly enhances the carrier injection.”> Moreover, the edge contacts may form
covalent bonds with the dangling bonds of the TMDCs,”? which further improve charge
transport.
In addition to the different electrode geometry, the contacting metal has also been shown to
have an impact on device speed. To quantify this influence, MoSs flakes were investigated
in a bottom electrode geometry with either titanium or gold as contact material (see
Figure 4.3a).

In addition, an analysis was performed by patterning the same flake twice so that some
channels were contacted with the Ti:Au top electrodes and others with Au top electrodes
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only (see Figure 4.3b). Both sets of experiments show the same trend already observed in
the edge contact experiments, namely an acceleration of the rise and fall times with gold as
the contact metal. However, the mean value of all Ti edge contacts is still faster than the
best top contacts, demonstrating that the contact geometry remains an important factor
for the overall response speed of the MoSs photodetectors.
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Figure 4.3. Box-and-whisker plots of rise and fall times of MoS, flakes contacted with either
titanium (blue) or gold (red). a) bottom electrode geometry, b) top electrodes where the
different channels on the same flake are contacted with titanium or gold. All measurements
are carried-out with a 635 nm laser and a repetition rate of 100 Hz.

The influence of the contacting metal on the electrical or optoelectrical behaviour of

materials is not new and has been detailed for instance in the work of Jain et al.25?
Nevertheless, it is often discussed only in terms of contact resistance or dark currents, cf.
Figure SI4.5, but rarely in terms of response times. For TMDCs, a study by Zhang et al.'45
already investigated the rise time effects of palladium and titanium contacts on WSes. The
authors explained the faster response for titanium with a higher Schottky barrier. In the
case of Au, Ti, and MoS,, the respective work functions are about 5.4eV,?* 4.3eV,?** and
3.9 eV? for the edge facet of MoSy or 5.4 eV?®6 for the top facet. Thus, regarding the
titanium gold comparison, the higher Schottky barrier is expected for Au contacts, which
are shown to be faster in the experiments.?*° Furthermore, in a comparison of Au with the
corresponding work functions of MoSs, again, the higher Schottky barrier is found for the
faster contact geometry — edge contacts, cf. Figure SI4.6. A detailed analysis of the work
functions in the different contact geometries shown here is beyond the scope of this work
and would require surface tunnelling spectroscopy or similar methods.
With respect to the limiting mechanism of edge and top contact we performed
measurements at different voltages which could provide hints towards a transit time
limitation. Additional measurements with different channel lengths in the range from
2.5 um to 20 um could give further information on either a transit time limited mechanism
or an RC-time limit in case of no voltage dependency. Both, voltage, and channel length
variation do not show any trend, cf. Figure SI4.7 and SI4.8, thereby a limiting mechanism
cannot be determined. Further distinctions towards an RC-limitation would require
impedance measurements.
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In summary, MoSs detectors can be accelerated enormously by using edge contacts in
comparison to top contacts, cf. Ti:Au top and Ti edge in Figure 4.2a. An additional tuning
by using an appropriate electrode metal as already announced in literature can further help
to accelerate the detector especially in the fall times, as shown by using Au edge electrodes.

4.4.2 Non-steady state photoresponse of edge and top contacted MoS.

The investigation with a delta-shaped laser pulse mimics the data transmission in optical
fibres and is therefore of relevance to determine the bandwidth of the device. For this
purpose, the impulse response (f(t)) must be Fourier transformed (FFT) to obtain the
power spectrum (P(w)) : P(w) = |FFT(f(t))|?. After normalization with the steady-state
power (Pp), the bandwidth spectrum can be converted to dB = 10logio(P(w)/P1). The
3dB bandwidth is then a measure of the frequency at which the power of the signal drops
to half its value.

Most flakes have relatively little signal, so it is not possible to determine the impulse
photoresponse for each bias voltage and channel. Thus, no further information about the
limiting mechanism can be obtained, only a representative trend, which can be seen in
Figure 4.4.
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Figure 4.4. a) Normalized impulse photoresponse of a Ti:Au top (ochre), a titanium edge
(blue) and a gold edge (red) contacted MoSy device towards a 636 nm pulsed laser. Measured
are 10 um contacts under a 1V bias with either 100 kHz for the Ti edge and Ti:Au top device
or 1 MHz for the Au edge device. b) Fourier transformed impulse response to determine the
3dB bandwidth of the device. For the top contact zero-padding is performed to mimic a
quasi 25 kHz measurement.

Figure 4.4a shows exemplary impulse responses of the three types of detectors investigated
and Figure 4.4b the corresponding bandwidth spectra obtained by fast Fourier transform.
As with the steady-state measurements, the trend shows the acceleration of the bandwidth
when using edge contacts by a factor of more than 80 times for the example shown. The
fastest device response exceeding a bandwidth of 18 MHz can be seen in Figure SI4.9.
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4.5 Conclusions

In summary, we have demonstrated the accelerating effect of edge contacts for the response
of MoSs photodetectors compared to the conventionally used top contacts. This
improvement is caused by the better charge carrier injection into the electrodes due to the
higher in-plane mobility compared to the out-of-plane mobility of TMDCs. In addition, the
contacting metal and the associated Schottky barrier play an important role: for MoSs,
gold leads to faster rise and fall times than titanium. By combining these two effects, we
have built photodetectors with a bandwidth as high as 18 MHz, which, to the best of our
knowledge, surpasses all neat MoSy photodetectors developed so far. We believe that the
implementation of edge contacts in photodetectors made of 2D materials has great
potential due to their scalability and simplicity.
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4.6 Supplementary Information

Light microscopy images and flake height
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Figure SI4.1. Light microscopy images of MoSy flakes with different electrode styles: a)
top contact; b) edge contact; ¢) mixed top contact; d) bottom contact. e) Flake height for
every examined flake, measured with a profilometer (Dektak XT). The thickness ranges from
50nm to 200nm. The scale bar is 50 pm.

SEM-images of an etched flake
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Figure SI4.2. SEM images of an etched MoSs flake. a) Overview with visible resist flank, b)
zoomed in image of the marked spot in a). The height of this particular flake is approximately
70 nm.
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Lithographic process for fabricating edge contacts

For bottom contacts, the lithography is done prior to the exfoliation. For top contacts, the
fabrication is exactly the same as in Figure SI4.3, only the etching part (Figure SI4.3c) is
left out.

.

Figure SI4.3. Fabrication process of an edge contact: a) exfoliated flake on a glass
substrate; b) patterned electrodes after photolithography and resist development; c) flake
after O2/SF¢ plasma etching; d) flake after evaporation of the electrodes. The scale bar is
50 pm.

Edge contacts are obtained by following the lithographic steps depicted in Figure SI4.3.
The mixed top contacts are fabricated in two lithographic processes: In the first one, the
upper four electrode fingers, cf. Figure SI4.1c, are made as well as the leads with 4 nm Ti
and 20nm Au. After lift-off, the lithography is repeated and the lower four electrodes
consisting of 25nm Au are evaporated without a wetting layer of titanium.
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Persistent photocurrents in MoS» flakes
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Figure SI4.4. 635nm square pulse measurements of a 20 yum Au edge contact under 1V
bias. Bright red shows the measurement with a laser repetition rate of 100 Hz and dark red
with 10kHz. The two black arrows are equally long, indicating the height difference caused
by the slow parts in the rise and fall time for the 100 Hz measurement.

For measurements at 100 Hz, a persistent photocurrent is sometimes observable, more
pronounced for higher voltages. This can be seen in a steep increase and decrease of the rise
and fall time respectively, followed by a slow and steady increase / decrease, cf. Figure SI4.4
bright red curve. These two effects can be attributed to the fast photoconductive and the
slower photogating effect. Di Bartolomeo et al.'%? examined that the slower photogating
relies on deeper traps which yield very long response times, but require a longer exposure to
be filled. Thus, this behaviour can be suppressed when switching to higher repetition rates
like 10 kHz, showing only the relevant photoconductive component.

I-V characteristics
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Figure SI4.5. Normalized I-V characteristics of a Ti:Au top (ochre), a Ti edge (blue) and a
Au edge (red) contacted flake without illumination. Measurements made on 10 um contacts

from 1 to 1 V. The inset shows the absolute current values. The slope can be translated into
resistances of 161 k2, 218 k{2 and 1.46 M(2 respectively.
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The I-V characteristic shows the same trend observed in literature: for a titanium
contacting, either top or edge, there is an (nearly) ohmic behaviour, whereas for a gold
contacting the curves tend to differ due to the higher Schottky barrier. The dark currents
are generally rather high, due to the bulk MoSs flakes.

Band diagram of an Au top and an Au edge contact
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Figure SI4.6. Band diagrams for an idealized top contact (left) and edge contact (right).
The upper half shows all the work functions extracted from literature.??> 26 At the bottom,
an idealized model of the materials brought into contact can be seen.

The band diagram in Figure SI4.6 shows an idealized model of a top and an edge
contact consisting of gold and MoSs. Thereby, it is important to use the appropriate MoSs
work function, depending on the electrode geometry. When contacting the edge, a larger
Schottky barrier arises than when contacting from the top. It is important to emphasise,
that those literature values may differ in reality, depending on the nature of the
semiconductor (n- or p-type or intrinsic), the exact work function of Au and stress, strain,
defects or any order form of imperfection in the MoS, flake, to name just a few examples.
Additionally, metallization at the edge contact might occur, altering the band model.24!
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Rise / fall time vs. channel length and voltage
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Figure SI4.7. Rise times (red) and fall times (blue) of 10 kHz measurements of an Au edge
contact plotted vs. the channel length. The different shades resemble the different biases

applied.
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Figure SI4.8. Rise times (red) and fall times (blue) of 10 kHz measurements of an Au edge
contact plotted vs. the bias voltage. The different shades resemble the different channel

lengths of the electrodes.

There is no clear trend visible towards the applied voltage or channel length. Therefore,
we cannot further determine the speed limiting mechanism of the MoS, flakes.
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Impulse response and bandwidth of the fastest device
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Figure SI4.9. Bandwidth of fastest MoSy photodetector fabricated. The inset shows the
impulse response of a 10 ym channel with 0.5V applied bias of an Au edge contacted device
towards a 636 nm laser operated at 1 MHz repetition rate. The graph shows the Fourier
transformation of the impulse response.
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5.1 Abstract

We demonstrate 230 MHz photodetection and a switching energy of merely 27fJ by using
WSey multilayers and a very simple device architecture. This improvement over previous,
slower WSes devices is enabled by systematically reducing the RC constant of the devices
through decreasing the photoresistance as well as the capacitance. In contrast to MoSs,
reducing the WSey thickness toward monolayers only weakly decreases the response time,
highlighting that ultrafast photodetection is also possible with atomically thin WSes. Our
work provides new insights into the temporal limits of pure transition metal dichalcogenide
photodetectors and suggests that Gigahertz photodetection with these materials should be
feasible.

5.2 Introduction

Next generation photodetectors have to meet several requirements to overcome the current
limitations of silicon-based devices.?416%257 They must be cheap, reliable in fabrication
and exhibit low power consumption, for which high speed and low dark currents are
essential 242 Transition metal dichalcogenides (TMDCs) are promising in this
regard,?4 169257 ogpecially since the increasing quality of flakes produced via chemical vapor
deposition is closing the gap to the excellent properties of mechanically exfoliated ones,
allowing reliable and relatively inexpensive production.2®260  However, achieving high
switching speeds toward Gigahertz photodetection remains challenging, in particular
without compromising the responsivity too much. This is resembled by the gain-bandwidth
product accounting for the necessity for a high gain/responsivity to have a long lifetime and
thus a low bandwidth.?? 160,257:261 " The intrinsic response, i.e., the pure material-based
upper limit for photodetection without limitations such as the RC time of the device, has
been shown to be in the picosecond regime.??:31:139 In contrast, for the application-relevant
extrinsic response time, most reports have revealed response times of milliseconds to
microseconds.?® 199,160, 172,203, 262-267 Some groups report mnanosecond response
times,3 90,102,171 and in the combination with highly advanced photonic circuits, even
faster detectors are possible.?685270  The problem with such sophisticated fabrication
techniques remains the scalability. Furthermore, many approaches are based on TMDC

heterostructures®:265271  or combinations of TMDCs with other materials,?"
hBN. 159,160,265 266,267
Y

4

ie.,
graphene or quantum dots,>™>2™ which in turn complicates
fabrication.?
In this work, we study highly simple TMDC photodetectors, comprising only exfoliated
multilayers or bilayers of pure WSes and gold top-contacts. We show that multilayer
devices are RC-limited and that reducing their photo resistance as well as the device
capacitance affords a response time below 2ns and an electrical bandwidth in excess of
230 MHz, which is unprecedented for pure TMDC photodetectors to our knowledge. The
devices are operated at zero bias, leading to a switching energy of only 27fJ/bit,
highlighting the potential of TMDC photodetectors for low-power optical communication.
We find response times < 20ns for bilayers, indicating that the deleterious persistent
photocurrent known for MoSs mono- and bilayers is not an issue for WSes.
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5.3 Experimental section
5.3.1 Fabrication

WSes photodetectors were fabricated following a standard scotch tape exfoliation
technique'?® onto HMDS-functionalised glass substrates. Multilayer devices show
thicknesses between 5 and 32nm. Once exfoliated, the contacts were patterned using
optical photolithography with a maskless aligner (uMLA, Heidelberg Instruments). For
geometries with channel lengths of less than 2um, the electrodes were written using
electron beam lithography (JEOL JSM-6500F). The metal contacts were evaporated with a
thickness of 2.5nm titanium followed by 10 nm of gold at a pressure of <2 x 10 mbar. The
storage and examination were performed under atmospheric conditions.

5.3.2 Transient photoresponse

The transient photoresponse was analysed using two different setups. First, at a Lake Shore
Cryotronics CRX-6.5K probe station, described in more detail in our previous work,” and
second, on a custom built confocal microscope to enable diffraction limited illumination,?”
cf. Figure SI5.15 for more details. In short, laser illumination was carried out with either
a square pulse laser (635nm) switched on and off by a Hewlett Packard 33120A arbitrary
waveform generator triggering a FSL500, PicoQuant laser driver to record the steady state
response. To measure the impulse response of the sample a pulsed laser, emitting pulses
with a pulse length < 500ps at a repetition rate of 1 MHz (average output power 81 uW,
636 nm) controlled by a Taiko PDL M1 (PicoQuant) driver. The square pulse laser had a
nominal laser rise/ fall time of less than 0.5ns and an output power of approximately 2 mW
at the fibre end face. The laser power was further reduced due to coupling losses from fibre
to fibre in the case of the probe station setup or via coupling through pinholes, reflection in
mirrors and beam splitters when coupled with the confocal microscope. The dark current and
ON/OFF electrical measurements were performed with a Keithley instruments 2636B source
meter. For the time-resolved measurements, a Zurich Instruments UHF Lock-In amplifier was
used with a Periodic Waveform Analyzer function averaging over 2 G samples in combination
with a transimpedance amplifier (FEMTO DHPCA-100) when necessary. The electrode
pads were connected with 50 €2 matched tungsten probes and coaxial cables with bandwidths
exceeding 1 GHz at the probe station. At the confocal setup, gold plated probe tips and
triaxial probe holders (79-8000-T-03 Micromanipulator) were used to make contact beneath
a custom build Faraday cage. For connection between the triaxial cables and the BNC-input
at the lock-in amplifier a triax(F)-to-BNC(M) connector (Pomona) was used, however, the
manufacturer’s bandwidth specifications were not provided. The bandwidths of the other
devices are 600 MHz for the lock-in amplifier and 175 MHz for the transimpedance amplifier
at an amplification of 103,

5.4 Results and Discussion
5.4.1 Reduction of the photoresistance

Steady state and non-steady state measurements were performed to characterise the
switching behaviour of photodetectors. Typical illumination in literature ranges from
minimal laser powers in the nW and sub-nW regime up to irradiances of more than
10 kW /cm? 90, 159,160,203, 2627267, 271, 272,276,277 e hegin by examining the photoresponse of a

bulk WSe, flake, Figure 5.1c¢, under wide field illumination with an unfocussed laser beam
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illuminating an area of about 1.5mm? under ambient conditions. (See Figure SI5.1 and
S15.2 for the dark current and optical microscopy images, “flake 1”.) Typical steady state
and non-steady-state responses are shown in Figure 5.1a (blue) and Figure 5.1b (blue),
respectively, which are consistent with our previous studies on WSey.3® As the response
time depends among other things on the photoresistance of the sample, we increased the
irradiance per area by repeating the same measurements within a confocal microscope using
a diffraction-limited focussed laser beam. Considering the reduction of the illuminated area
as well as coupling losses at pinholes and beam splitters, this increases the irradiance from
roughly 0.4 to 400 W/cm?.  Additionally, the illumination position can be precisely
controlled in the confocal setup and the intensity can be varied by neutral density filters.
By maximising the illumination intensity per area, the photoresistance in the steady state
measurements decreases by a factor of 23, from 82.7 M2 to 3.6 M(), leading to the greatly
reduced response time (measured with current amplifier) as shown in red in Figure 5.1a.
This behaviour indicates an RC-limitation of the device.

The impulse response (f(t)) is fast Fourier transformed (FFT) to obtain the power
spectrum (P(w)) : P(w) = |FFT(f(t))|?>. After conversion to the dB scale, via
dB = 10log1o(P(w)/P1) with the steady state power Pj, the 3dB bandwidth, i.e., the
frequency at which the power drops to half its value can be read out.?* Comparing the two
values for the unfocussed and focussed measurement again reflects the factor 23, the
dependence on the photoresistance, and supports the hypothesis of RC-limitation. The
non-normalised square pulse measurements can be seen in Figure SI5.4. ON/OFF
measurements performed with the same sample after six months (Figure SI5.3) reveal ratios
> 10% and long-term stability under ambient conditions.
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Figure 5.1. a) Square pulse measurements of the same WSey flake characterised with
an unfocussed (blue) and focussed (red) 635nm laser illumination and 0.5V bias. The
unfocussed measurement is conducted at 10 kHz, whereas the focussed one has a repetition
rate of 100 kHz. The red trace is split and shifted horizontally to match the unfocussed curve
for better visibility. The irradiance is 0.4 W/cm? (unfocussed) over the whole channel and
approximately 200 W /cm? (focussed), with only a fraction of the channel width illuminated.
b) Power spectra of the 636 nm impulse laser with 100kHz (blue) and 1 MHz (red). The
inset shows the measurements in real-time. ¢) Light microscopy images of the WSey flake
fabricated with optical lithography. The scalebar is 20 ym.
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To determine the influence of the photoresistance onto the response time, the device
was measured under different illumination intensities and positions of the laser focus on
the sample. All measurements obtained in this way for the same device are summarized in
Figure 5.2. If the hypothesis of an RC-limitation is correct, the slope of the linear fit to this
data should resemble the capacitance of the device. The expected capacitance is obtained

following Nabetl et al.:2™

K (k)
with the channel width L = 25 um, the number of fingers N= 2, the vacuum permittivity
(€0), the dielectric constant of WSey (€, = 20, as in our previous studies39) and K (k) being

the complete first order elliptical integral with & = cos (% (1 — u%g)) and k' = V1 — k2.
The width w of the electrodes is 10 um in the optical lithography structure and the gap
g between the two electrodes is 2.5 um. This leads to a calculated capacitance of 7.6 fF.
Multiplying by a factor of 2.2 which accounts for the 10 to 90 % rise/fall time values affords
the black line in Figure 5.2, which provides a reasonable fit to the experimental data, thus

strongly supporting the hypothesis of RC-limitation.
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Figure 5.2. Fall time vs. photo resistance for all voltages. The data was obtained from
various measurements performed at different dates, laser intensities and positions on an
optical lithography processed flake. The black line represents the calculated RC-limited fall
time using the estimated capacitance of 7.6 fF for the used geometry, according to trc =
2.2x RC.

5.4.2 Reduction of the capacitance

We now aim to further increase the speed of photodetection with multilayer WSes by
reducing the device dimensions and, thus, the capacitance. = With reference to the
parameters in the formula for the capacitance by Nabetl et al., we reduce the electrode
width (w) from 10 to 1 um, the channel length (g) from 2.5 to 1 ym, and the channel width
(L) from 25um to 20um, see Figure SI5.5 for a scheme of the geometrical parameters. This
decreases the expected capacitance from 7.6 fF to 4 fF.

An image of this new device based on a multilayered WSes bulk flake is shown in
Figure SI5.1b (“flake 2”) and the dark current as well as the ON/OFF ratios are displayed
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in Figure SI15.6-SI15.8. At zero bias and 2 pW illumination at 635 nm we find a photocurrent
higher than 20nA, as shown in Figure SI5.8, hinting at the presence of a built-in electric
field presumably either due to slight height differences of the flake within the channel*”™ or
to altered electric contacting of the electrodes as a result of the electron beam evaporation
process.?’Y  Figure 5.3 displays the non-steady state response and power spectrum of the
new device (red curve) with a fall time < 2ns and a 3dB bandwidth of 230 MHz. For
comparison, the photo response curve of the previous device from Figure 5.1 is also
displayed (blue curve) to illustrate the effect of the reduced capacitance. In addition, we
measure the power spectrum of a commercial photodiode with a nominal fall time of 200 ps
(ochre curve) and expected 3dB bandwidth of 1.75GHz to find essentially the same
230 MHz cut-off as with the improved WSey device. This strongly suggests that the
measurements are limited by the setup, presumably due to the applied cables, connectors,
the 600 MHz low pass filter within the lock-in amplifier, and that the true speed of the
improved WSey device might be even faster. Further evidence for such limitations is found
in the periodic wiggles in the non-steady state response and the resulting noisy power
spectrum, which can be attributed to reflections inside the cables as detailed in the SI,
Figure SI5.13.
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Figure 5.3. Power spectrum of a commercial photodiode (ochre) and an EBL fabricated
WSe; flake (red) in comparison with an optical lithography WSey flake (blue). The inset
shows the impulse measurements in real-time. Both measurements were performed with a
636 nm pulsed laser excitation at 5 MHz. For the WSes detector a bias voltage of 0.5V
is applied, for the diode 5V in reverse bias direction. Irradiance for the measurements
approximately 400 W/cm?. Measurements of the diode and the EBL WSey flake were
performed without transimpedance amplifier.

We note that neither changing the bias between 0 to 0.5V (Figure SI5.9) nor altering
the laser intensity with optical density filters between 0.08 and 0.54 (Figure SI5.14) has a
significant effect on the 3dB bandwidth, again suggesting that all of these measurements
fall into the setup limit. In principle, further reduction of the channel length below 1pum
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(Figure SI5.11) and channel width to decrease the resistance and capacitance, respectively,
could be easily implemented with standard electron beam lithography. For instance, an
easily feasible reduction of the channel width from 20 pum to 1pm would decrease the
capacitance by a factor of 20, cf. Figure SI5.10. However, we neglect such further
optimisations at this point due to the speed-limitations of our setup.

For low-power optical communication, the switching energy is an important device
parameter. For a measurement with zero bias, there is no additional energy cost for the
applied voltage and the switching energy amounts to < 27£J/bit upon dividing a typical
incident laser power of 6.25 uW by the (setup limited) 230 MHz bandwidth. Using a square
pulse laser with comparable output power (2 uW) and irradiance (100 W/cm?), we calculate
the responsivity of the device under typical operating conditions of 50mA/W using the
ON/OFF characteristics in Figure SI5.7. We note a strong power-dependence of the
responsivity with quickly declining values at higher powers in line with earlier reports.?%271
Under the assumption that the dark current dominates the noise, we calculate the specific
detectivity according to:'92 D* = (% * \/Z) /V2q * Tggrr = 3.9 % 100 Jones, with 50 mA /W

for the responsivity, an area A of 20 um?, the electron charge ¢ and a dark current of 1pA.
We obtain the external quantum efficiency as FQFE = (R % hr)/q with the responsivity,
Planck’s constant, the frequency and the electron charge respectively. With a responsivity
of 50mA /W at a wavelength of 636 nm this yields a value of approximately 10 % which is in
good agreement with earlier reports.”’

5.4.3 Reduction of the flake thickness to bilayers

For some photonic applications, it is desirable to decrease the thickness of TMDC devices
from multilayers to bi- or even monolayers, e.g. to increase the photoluminescence quantum
yield.?%9 However, for the most widely studied TMDC, MoSs, Tang et al. have revealed that
the speed of photodetection decreases by several orders of magnitude when approaching bi- or
monolayer thickness.'? This is the result of persistent photocurrents?®® due to interface trap
states?! which are very prominent in atomically thin MoS, and provide a serious drawback
for optical communication with MoSs photodetectors. To assess whether similar drawbacks
exist for WSey, we have fabricated an ultra-thin WSes device using the same geometries as for
the 230 MHz multilayer photodetector (see Figure SI5.1c). Figure 5.4a shows a luminescence
map of the flake with the respective spectra shown in Figure 5.4b. Positions 1 and 2 show
the characteristic emission peak of WSey monolayers at approximately 750 nm, whereas the
others show the less intense and red-shifted bilayer emission.!3" Based on the luminescence,
the scattering in Figure 5.4c and the optical image (Figure SI5.1c), we reconstructed the
position of the mono- and the bilayer as marked in Figure 5.4c. From this, we infer that
this photodetector consists exclusively of mono- and bilayers of WSes within the channel.
While a reliable power spectrum cannot be obtained due to the relatively weak absorption and
photocurrent signal, we obtain a fall time of 19 ns in response to a square pulse (Figure 5.4d),
demonstrating that the speed of WSey photodetectors is much more robust against surface
trap states, in stark contrast to MoSy. We attribute the remaining speed difference compared
to our champion multilayer WSey device to the higher photoresistance due to the weaker
absorption, which increases the RC time.
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Figure 5.4. a) Luminescence scan of a mono-/bilayer WSes flake. b) Representative spectra
recorded at the positions marked in a). c) scattering image of the same flake. d) steady state

measurement with a 635nm square pulse laser driven at 100 kHz at a confocal setup at a
bilayer WSes flake.

5.5 Summary and Conclusion

We have systematically reduced the response speed of RC-limited, multilayered, pure WSes
photodetectors toward a record-high 3dB bandwidth of 230 MHz. We have shown that
optical switching with this device can be carried out at zero bias, requiring just 27fJ per
switching event. Reducing the detector thickness to mono- and bilayers of WSes only
weakly decreases the response speed, rendering WSes advantageous over MoSsy for fast
optical communication. Further miniaturizations of the device geometry have the potential
for Gigahertz photodetection with such easily fabricated WSes photodetectors which
exhibit long-term stability under ambient conditions.
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5.6 Supplementary Information

Light microscopy images and height profile of the flakes 1 - 4
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Figure SI5.1. Light microscopy images of the WSey flakes measured for this work. a)
shows the flake 1 which was fabricated with optical lithography. Flakes 2-4 are fabricated
via electron beam lithography and shown in b)-d). The scalebar is 20 um in each image. €)
shows the height profile of flake 2 (b) and flake 4 (d). The lines, where the thickness were
measured are shown as dashed lines in the microscopy images. Profiles are measured at a
Bruker DektakXT.

This figure shows the thicknesses of the measured flakes. Flake 1, shown in (a) has a
thickness between flake 2 (32nm) and flake 4 (5nm), shown in SI5.1e, as can be seen in the
microscopy images. Flake 3 is further characterised with luminescence spectra, see
Figure 5.4. Tt consists of a monolayer region, cf. positions 4 and 5 in Figure 5.4, and a
bilayer region, including the electrodes.
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Dark current flake 1
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Figure SI5.2. Dark current of flake 1 from —1 to +1V. The IV-curve shows a non-ohmic
behaviour, typical for WSes.

In addition to the non-ohmic behaviour, the flake shows a slight asymmetry which can
be caused by different heights.?™
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Figure SI5.3. ON/OFF ratio for flake 1 with 200 mV bias applied and 31 yW illumination
power with a 635nm laser driven at 0.1 Hz. With a widefield lens the whole channel was
illuminated evenly.

The ON/OFF ratio exceeded the measurement range of the Keithley 2636B. Therefore,
the lower values were set from e-10 to e-11, to reflect the enormous ON/OFF ratio more
accurately. Compared to Figure SI5.2, the dark currents at 200 mV bias are still lower than
displayed here.
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Square pulse measurements — current height
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Figure SI5.4. Here, the exact same measurements like in Figure 5.1a are shown without
normalization. The left y-axis and the lower x-axis correspond to the 10 kHz measurement
without a focus. The red axis belongs to the 100 kHz measurement of the same flake under
illumination. Irradiances are 0.4 W/cm? for the unfocussed measurement and 400 W /cm? for
the focussed one.
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Figure SI5.5. Scheme of the contact geometry with specification of the used geometrical
terminology.
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Dark current flake 2
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Figure SI5.6. Dark current of flake 2 from 0 to 0.6 V. The IV-curve shows a similar
behaviour like before for flake 1.
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Figure SI5.7. ON/OFF ratio for flake 2 with a sweeping bias from 0 V to 0.6 V applied
and 2 yW illumination power with a 635 nm laser driven at 0.1 Hz.

Figure SI5.7 shows the same dark current behaviour as before seen for Figure SI5.6. At
the same time, the light current is increasing with higher voltage, but not as steep as the
dark current. Thus, the ON/OFF ratio is shrinking for higher applied voltages and the
displayed ON/OFF is the maximal ratio obtained.

71



5.6 Supplementary Information 5 A SIMPLE 230 MHZ WSEs PHOTODETECTOR

1078t [

] -

-12L — lsp
10 ON/OFF=10.3k

0.0 2.5 5.0 75  10.0
time [s]

Figure SI5.8. ON/OFF ratio for flake 2 with a bias of 0V and 2 W illumination power
with a 635 nm laser driven at 0.1 Hz. The focus size was approximately 2 pym.
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Figure SI5.9. Influence of different applied bias voltages for flake 2 on the power spectrum.
The 636 nm impulse laser was driven at 5 MHz repetition frequency.

In Figure SI5.9 the voltage is varied to check for a transit limitation of the 1 um channel
of flake 2. Since no difference between 0.1V and 0.5V is visible, no transit limitation is
detectable at least within the 230 MHz setup limitation. The theoretical transit time can be
estimated with: tqns = d? /pU = mm:%% = 1ns. Thereby, even the lowest voltage
already yields a transit time of 1 ns with a moderate mobility estimated from few layer
flakes.?*® Accordingly, higher voltages would only be even faster than this time.
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Simulated Capacity
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Figure SI5.10. Capacitance simulated for a variation of electrode width w and channel

length g according to C' = L(N — 1)eo(1 + er)% with k = cos (g (1 - u%g)) and k' =
V1 — k2. €, is set to 20, N to 2 and L is set to 1 um. The crosses indicate the capacitances for
the different lithographic approaches optical lithography (OL) and electron beam lithography

(EBL).

Figure SI5.10 shows the calculated capacitance in fF per nm electrode overlap. For the
L = 25 um used in optical lithography and L = 20 um used in electron beam lithography in
this work, the capacitance is 7.6 fF and 4 fF respectively. The trends that can be seen follow
the intuition, that the capacitance increases for larger electrode widths, longer channel
widths and shorter channel lengths, cf. Figure SI5.5 for clarification of the geometry.
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Channel length and photo resistance vs. fall time for flake 3 and 4
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Figure SI5.11. a) channel length plotted versus fall time for the bilayer flake, flake 3 and
the few layer flake, flake 4. b) the same measurements of a) are plotted in a resistance — fall
time plot. All measurements are performed with a square pulse laser driven with 100 kHz
and a laser power of 5.25 uW. The bias voltages are 1V for 1 ym channels, 0.5V for 500 nm
and 0.2V for 200 nm channels.

Figure SI5.11 shows the variation of the channel length for the bilayer and the few layer
flake. The idea behind a shortening of the electrode gap is again an acceleration of the
detector due to the decrease of resistance, due to less material®” and a shortening of the
transit time.?? For the two flakes shown here, it can be seen, that the shortening shows an
ambiguous trend and the main limiting mechanism for the steady state measurements still
seems to be the photoresistance, as can be seen in Figure SI5.10.
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Figure SI5.12. Influence of the channel length on the power spectra of 1 MHz 636 nm laser
measurements of flake 4. The bias is adjusted to get similar electric fields in the different
channels.

The power spectrum tends to show a decreased bandwidth for the 200 nm channel. But all
the bandwidths are close to the limit of our setup and thus too noisy, to observe a solid
trend.
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Cable reflections and influence on the Bandwidth
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Figure SI5.13. Impulse and Fourier transformed impulse measurements for a) a WSe2
sample (flake 2; 0V) and b) a commercial Photodiode FDS015 (Thorlabs) with 200 ps
nominal fall time. The dashed lines mark periodicities found in the time regime.

The impulse response decays very fast to zero followed by periodic signals. If the period of
those signals is taken and multiplied with 2/3 times the speed of light ¢, which approximately
is the speed of charges inside the cables, it can be attributed to reflections in the cables with
a cable length of about 9ns x 2/3 x ¢ = 1.8 m which roughly agrees with the length of the
cable we have used (1.7m). If the periodic signal following the delta pulse is set zero, then
the power spectrum loses the spikes observed at frequencies larger than 40 MHz. Thereby,
the frequency limit of our setup can estimated to be between 230 and 240 MHz from the
measurement of the commercial diode with a nominal bandwidth of 1.75 GHz.

Variation of the illumination intensity for flake 2
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Figure SI5.14. Power spectra and impulse responses for 1 MHz 636 nm measurements of
flake 2 for varied OD filters to alter the laser intensity to check for a RC-limitation.

By varying the irradiation onto the sample, an RC-limitation can be excluded or shown,
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since the RC-time is a limiting factor. In combination with Figure SI5.9, the variation of the
transit time, the limiting extrinsic mechanisms for a photodetector can be observed. Here, no
influence of the photoresistance onto the response speed can be observed, thus the detector
is either not RC-limited or the setup limit hides any dependencies.

Scheme of the custom built confocal microscope
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Figure SI5.15. a) Sketch of the confocal setup used for the focussed experiments. The
part inside the grey box is rotated out of the plane and shown in more detail in b).

A

Figure SI5.15 shows the free beam setup. In more detail: The laser beam diameter is
expanded by a telescope containing a 30 um pinhole. The light is focused onto the sample
through a Spindler und Hoyer 20x NA 0,5 objective after passing through an 50/50 non
polarizing beam-splitter. For spectra collection and confocal imaging, the emission light is
collected via the beam-splitter and sent through the detection telescope with an inserted
100 pm pinhole. The signal is collected on a ProEM+ 512B eXcelon camera attached to
a Princeton Instruments Acton SP-2-500i spectrometer and a PerkinElmer optoelectronics
SPCM AQR-13 (APD) respectively.

The minimal focal spot size can be estimated by the diameter of the Airy disc as follows:

A 636nm
D piry = 1.22m =1.22 0F

= 1.55um
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6 Key Results of Further Projects

During the work on this thesis, contributions to other publications within the framework of
fast photodetection were made. This section summarises the key results of those
publications, with a focus on the author’s contribution and its relevance to the objective of
this thesis.

6.1 Substrate Effects on the Bandwidth of CdSe Quantum Dot
Photodetectors

Christine Schedel, Fabian Straufs, Krishan Kumar, Andre Maier, Kai M. Wurst, Patrick
Michel & Marcus Scheele

The related article for the following chapter can be found in ACS Applied Materials &
Interfaces.

The results of this study can be divided into the determination of the substrate
influence onto the bandwidth of CdSe/I'/Zn4APc QDs and into the improvement of the
detector limiting RC time. The change from glass to polyimide substrates accelerates the
bandwidth of the detectors from 67kHz to 85kHz. This can be explained by the slow
multiple trapping events within the particles, which are more pronounced on glass
substrates.

The RC-limitation of the particles and ways to improve it are more interesting from the
perspective of this work. First of all, the work emphasises again that the photoresistance
not the resistance in the dark must be considered, when calculating or approximating the
RC time.
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Figure 6.1. a) Light micrograph of the complete interdigitated electrode structure with
channel length of 350 nm and width of 10 mm. Scalebar: 40 um b) SEM image of electrode
fingers with 350 nm gaps. Reprinted with permission from Ref.3” Copyright 2021 American
Chemical Society.
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The strategy deployed to overcome or at least reduce the RC-limitation is shrinking of
the channel length. Indeed, the reduction in the number of hopping events between QDs
leads to a decrease in overall resistance. In pursuit of this strategy the channel length is
shrunk from 2.5 ym - 20 pm down to 350 nm by electron beam lithography, cf. Figure 6.1
for an exemplary device.

For a comparison between the new electrode geometries (‘glass nm’) and the previous

devices with pum channels (‘glass pm’) the rise times are plotted against the photoresistance,
see Figure 6.2.
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Figure 6.2. a) rise time plotted against photoresistance R;jjm, for nm (blue) and pm (grey)
channel lengths of CdSe photodetectors. b) 635nm square pulse measurements at 100 Hz
repetition rate for one representative nm device with varying illumination power. Reprinted
with permission from Ref.3” Copyright 2021 American Chemical Society.

Figure 6.2a reveals a trend of faster rise times with lower photoresistance emphasising
the RC-limitation, as well as the success of the channel reduction strategy for faster
detectors. To further verify that the RC-limitation is still persisting in the nm geometry
devices, Figure 6.2b shows the laser power-dependent rise and fall time of the
photodetector. A decrease in irradiance on the detector results in a higher photoresistance
and in increased RC time.

The fastest devices in this work have a rise time of 24 us.
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6.2 Substrate effects on the speed limiting factor of WSe,; photodetectors

Christine Schedel, Fabian Strauf, Pia Kohlschreiber, Olympia Geladari, Alfred J. Meizner
& Marcus Scheele

The article related to this chapter can be found in Physical Chemistry Chemical Physics.

In a photodetector, the performance is affected by everything that surrounds or comes
into contact with the active material. Often neglected is the substrate. To illustrate the
significance of the substrate material on which the TMDC is deposited, the focus of this
study was on the surface roughness and the dielectric constant.

In the limit of a monolayer’s atomic thickness, surface roughness has a particularly
strong influence on carrier scattering. This is because an uneven surface strongly enhances
scattering. But even in the bulk crystal case, the first layers, and consequently the whole
crystal are affected. In this study, bulk WSe; is measured on glass and polyimide with a
surface roughness of 5.5 £ 0.7nm and 30.7 £ 11.6nm, respectively. On the rougher
polyimide the dark currents are two orders of magnitude lower compared to the smoother
glass, see Figure 6.3. This is presumably caused by the surface roughness.

10°F o glass Rggggggggggggggg
. 3858060000000000000
10 ©  polyimide g(’D $686688868666668
107" - leakage currents | 5°58°
Q0
88
10711f T L L e
°
'<_(| §§§890000000
n_nD of .:;:;:::aagi;;gg.:aéé@@g‘;égigééss;égégég
............ figdagantiigl
a1 cosassaseszaasngEdicssascstuaictitet
-11] 0900988858 _gggcdog e
-10 38§§g§§§88§§§688@858
88
a9
-10°10} h ,:":gé
ooooooouou00“;°085
107} Hidiiiiasseds
-0.2 -0.1 .0 0.1 0.2
Usp [V]

Figure 6.3. Dark currents of WSes photodetectors on glass (grey) and polyimide (orange).
Reprinted from Ref.?® with permission from the PCCP Owner Societies.

Additionally, the absolute values of the photoresponse are lower on polyimide,
increasing the RC time and the expected response speed at first sight. A popular
prevention is the insertion of hBN as atomically thin and smooth protection layer between
substrate and TMDC. Another benefit is the improved charge carrier mobility at the cost of
a more complicated fabrication.®®

Besides the surface roughness, the substrate influence also extends to the dielectric
constant. The study reveals an altered response time and mechanism on the two different
substrate materials employed. The dielectric constant of glass (4.5 - 8)28! induces stronger
screening than on polyimide (dielectric constant 3.7)2%2 for the TMDC detectors. The
polyimide detectors are RC-limited and faster than the respective WSey glass detectors
which are limited before they could reach their RC time (Figure 6.4). The higher dielectric
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screening presumably induces a shortened depletion layer and the glass detectors can be
accelerated in non-steady state measurements to a maximal bandwidth of 2.6 MHz.
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Figure 6.4. Measured rise times for WSes detectors on a) glass and b) polyimide substrates.
In blue, the calculated RjjumC time is given. On the x-axis all measured contacts are listed
with their respective channel length. Reprinted from Ref.3® with permission from the PCCP
Owner Societies.

80



6 KEY RESULTS OF FURTHER PROJECTS 6.3 Intrinsic Response Time of PbS

6.3 Sub-nanosecond Intrinsic Response Time of PbS Nanocrystal
IR-Photodetectors

Andre Maier, Fabian Strauf, Pia Kohlschreiber, Christine Schedel, Kai Braun & Marcus
Scheele

The related article for the following chapter can be found in Nano Letters.

In contrast to the other projects presented here, this article focuses on intrinsic
measurements and determines the material response time of PbS QDs with
1,2-ethanedithiol (EDT). Although the material differs from TMDCs, the concept presented
here, particularly the differences between extrinsic and intrinsic, are a good example of
device and material response.

The study shows intrinsic response times 7 of 1 ns £+ 0.1 ns after fitting the exponential

decay. This can be roughly translated into a bandwidth of 0.55GHz wusing the
approximation fsgp = 0.55/7.22 To determine the recombination mechanism defining this
time, different measurement parameters have to be varied. In summary, the observed
acceleration is correlated with higher laser power, and no significant differences were found
for applying a gate voltage, changing the temperature, or the channel length. These results
strongly suggest that trap-assisted Auger recombination is the dominant mechanism.
Equation (2.24) suggests that a drift- or transfer-limitation may be a factor. However,
calculating the drift via the mobility yields a time on the order of milliseconds which is not
visible on this short time scale.
Additionally, the influence of the surrounding atmosphere shows a deceleration of the
recombination time under vacuum and an acceleration after air exposure, highlighting once
more the importance of the measurement conditions also for material response times, cf.
Figure 6.5a.

Another noteworthy point of this study is the comparison between the intrinsic and the

extrinsic times. Upon square pulse illumination, the extrinsic rise time showed values of
3.5us.  This value may be limited by the RC time, which can be calculated to be
approximately 8 us for the detector. In contrast, the fall time towards the impulse laser
shows fall times on the order of 300 us which can be Fourier transformed into bandwidths
around 1kHz, see Figure 6.5b. Furthermore, higher voltages accelerate these times,
indicating a transit time limitation.
The thus obtained deviation emphasises, for the showcase of PbS-EDT nanocrystals, the
discrepancy between the detector speed (extrinsic response time) and the material speed
(intrinsic response time) and why the values in literature are so widespread (Figure 6.5¢).
Theoretically, by changing and optimizing the detectors, speeds closer to the material
response can be realised.
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Figure 6.5. a) Normalized 2PC signal under different environments: under nitrogen (red),
vacuum (yellow) and after 80 min air exposure, measured again under nitrogen (blue). All
measurements were performed at room temperature with 1V source drain voltage applied
and an average laser power of 90 mW. b) Extrinsic bandwidths of the PbS-EDT QDs on two
different devices excited with a 636 nm and a 779nm laser with a repetition rate of 1kHz.
c) Comparison between the intrinsic time acquired in this study in comparison to several
values for extrinsic times from literature.'® 120,228,283 Reprinted with permission from Ref.3?
Copyright 2022 American Chemical Society.
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7 Outlook

After evaluating different approaches for the acceleration of nanostructured photodetectors,
this chapter provides an extended outlook on how this work could be continued. Thereby,
the focus remains on pure material detectors renouncing heterostructures to create
junctions in the detector.?? Especially intrinsic measurements show that approaches using
TMDC heterostructures or the incorporation of graphene, either as electrodes, absorber or
junction, are promising to speed-up the material response time, and the interested reader is
referred directly to those articles found elsewhere.3™ 139174 Another promising technique
towards high-speed devices are waveguides.'*3 284 Existing examples show the feasibility of
GHz bandwidths based on TMDCs, black phosphorous and graphene. While it overcomes
the small interaction volume of a 2D material by a larger area size, the complex structuring
and area needed makes scalability hard, thus, they are not discussed further in this
outlook.151:152,213,285-287  Tnstead, the intention of this work is continued to further
maximize the photodetecting speed of the pure TMDCs with scalable and
easy-to-implement approaches. Once those implementations are understood and successful,
the insights can be easily transferred towards more complicated material combinations.

In this spirit, the chapter first describes the required improvements for the measurement
setup, on the one hand, to measure the true limit of the detectors described in Chapter 5
and on the other hand to measure the further improved detectors, which are expected to be
faster.

Thereafter the bulk photovoltaic effect (BPVE) will be discussed. The BPVE is an
anomalous effect based on materials with a broken inversion symmetry that gained more
popularity recently due to more control over the 2D materials in fabrication. This effect
promises not only to accelerate the detectors, but also to boost the responsivity at the same
time.

Then, optical cavities are introduced to gain control over the exciton via coupling to
photonic modes within such a cavity. By starting in a tunable cavity, the measurement will
be much more complicated to begin with, but thus, optimal configuration for fixed cavities
can be determined which then leads back to simpler experiments in the future.

Last but not least, the established field of plasmonics is briefly introduced with all the
possibilities to enhance photodetectors with their ultrafast hot electrons and their well
known field enhancement, which already revolutionized fields like Raman spectroscopy.
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7.1 Measurement Setup 2.0

The current limitation of the setup used for the high-speed optoelectronic measurements is
230 MHz.36 Starting from here, several consecutive steps have to be taken for reaching GHz
regime measurements. First of all, the limitation imposed by the lock-in amplifier has to be
reached by omitting the adapter needed from the 3 lug triaxial to BNC.2® This can be
achieved by wusing different tips or exchanging the connector to the probe station
respectively. Once the 600 MHz limit of the lock-in is reached, a new measuring instrument
is necessary - an oscilloscope with bandwidths in the GHz regime.?®® Additionally, new
cables and a faster transimpedance amplifier (TIA) are needed, since both have a
bandwidth of approximately 1-3 GHz.29%:291 Since the BNC connector type is not suitable
for higher frequencies, the connection has to be changed to SMA or similar cables which is
a requirement for the oscilloscopes anyway.?92 For the TIA, the factor of amplification and
the desired bandwidth range is the decisive factor in selection. Crucial for any decision is
the principle that the smallest and largest 3dB bandwidth of the setup determines which
frequencies can be measured.

Despite the electronic improvements, which need to be done to detect faster photocurrents,
the excitation can be optimised as well. The current laser systems used are approaching
their temporal limits, thus a faster layer system with pulse widths below 100 ps would be a
future benefit. Furthermore, being able to extend the feature of spectral flexibility, a super
continuum laser providing excitation from 400nm to NIR wavelengths, would be
advantageous.??? With such a laser system, wavelength depending effects, such as cavities
or plasmonics discussed in this chapter, could be exploited and examined even more.
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7.2 Bulk Photovoltaic Effect

The use of extraordinary and anomalous effects is one way to continue applying pure
materials without the necessity of creating heterostructures. The bulk photovoltaic effect
(BPVE) is an exceptional example of using one material instead of a heterostructure.

Conventional photovoltaics is based on a pn-junction to separate the charges via an
internal electric field created by the heterostructure, see Figure 7.1a.” However, in
non-centrosymmetric materials already the pure material can produce a photocurrent
without any external field applied. This phenomenon is called the BPVE (Figure 7.1c).2%
Describing the theoretical origin of the BPVE in detail is rather complex, reliant on second-
and third order tensors describing e.g. the susceptibility and will thus be only done
qualitatively in the following.2?°
Based on first experimental observations in the 1970s in ferroelectric oxides, a microscopic
theory of the effect was proposed in 1982.296:297 This theory states that the effect is based
on two distinguishable currents, the ballistic and the shift current.?% The
quantum-mechanical shift current j,, originates from electron shifts in real space following
light-induced interband transitions, insensitive to scattering.2?®2%°  This is sketched in
Figure 7.le, as the shift vector R. In contrast, the ballistic current jj, originates from the
asymmetric momentum distribution u related to kinetic processes within the material, like
momentum relaxation in the fs regime.??42% The thermalization of the non-thermalized
carriers occurs within a transit length, called the free path length [y, around their
excitation position back to the bottom of the conductive band, see Figure 7.1e.29429 This
ballistic current highly depends on scattering, making the exact theoretical prediction only
possible with recent numerical calculations.??> Further distinctions could split the ballistic
current into an additional injection current, appearing under circular polarized light.295,3%0
Comparing the I-V characteristics of conventional PV vs. BPV (Figure 7.1b,d), the latter
can have an open-circuit voltage Vo larger than the bandgap, if the carriers are collected
within this {o.2%> The importance of this free path length is mirrored in the necessity to
collect charges within this regime to harvest the maximal photocurrent, otherwise the
extracted current could display the dark current again, favouring small lateral channels or
vertical stacks.30!

Due to those non-thermalized currents, there is a possibility to realize a photoelectric
conversion efficiency beyond the Shockley-Queisser limit,3°? which gives the theoretical
limit for (conventional) photovoltaic, making the BPVE also highly interesting in solar
energy research.?9%303,304

The generation of the BPVE relies on the broken-inversion symmetries in
non-centrosymmetric materials.  Among them, ferroelectrics and piezoelectrics with
spontaneous polarization are typical representative materials.39%3%  However, it is also
possible to observe the effect in centrosymmetric materials, when the inversion symmetry is
broken at the edge or at a grain boundary.?”:3%8 To generate the effect within the whole
material, the usually used 2H-phases of semiconducting TMDCs are not suited. Instead,
the symmetry has to be changed first, possibly by phase transitions into the distorted,
semimetallic 1T’ phase,3%? or by so-called sliding ferroelectricity. The latter has been shown
in MoSy, MoSey, WSs, and WSey up to room temperature with low switching barriers
beneficial for low energy and ultrafast application.3!? Realizing this rhombohedral (R)

85



7.2 Bulk Photovoltaic Effect 7 OUTLOOK

stacking is either possible by the 3R-phases of TMDCs or by carefully aligning two
monolayers, which usually leads to smaller domains caused by twist misalignments.3!! The
polarization and electric dipole moment formed is out-of-plane, leading to an interfacial
charge transfer between the hybridized non-identical layers.3%6 Accomplishing
non-centrosymmetry in TMDCs can also be done via strain engineering to maximize the
photovoltage by approaching the two sides of a unit cell or electrical fields.2?4:312:313 More
suitable for simple devices is the attempt to introduce (point) defects on purpose inside the
material to break inversion symmetry.3'* Although it can be elaborate and complex to
force TMDCs into a non-centrosymmetric phase, the benefit may be the possibility to
retain the ferroelectricity down to the atomic scale, offering novel applications of the
BPVE.?% Due to the dangling bond-free surface and, thus, large tolerance of interface
states, the depolarization field of TMDCs is weak in comparison to conventional
ferroelectric oxides. The depolarization field occurs at the interface by unscreened bound
charges generating an electric field opposing the field of the polarization.30%:315

Photovoltaic device BPVE device

Voc V

ISC

Figure 7.1. a) Scheme of a photovoltaic device based on a pn-junction. b) Exemplary I-V-
curve of the device in a). ¢) Scheme of a bulk photovoltaic device with d) the corresponding
I-V characteristic. Figures similar to Ref.3%’ e) Scheme of shift and ballistic current in a
BPYV device. Only optical excitation and recombination is sketched for simplicity. Horizontal
axis displays the lattice x and vertical axis the energy. [y is the free path length of the excited
hot electron. Figure similar to Ref.??* f) Scheme of a possible BPVE device based on non-
centrosymmetric bilayer 3R-MoSs producing a photocurrent. Adapted from Ref.?3 Copyright
2024 American Chemical Society.

Verification of the successful implementation of broken symmetry can be done by
non-invasive, all-optical measurements of the second harmonic generation (SHG).3!3:315,316
Thereby, the BPVE can be seen as the electrical counterpart of the SHG, thus measuring
the SHG is no proof of the BPV behaviour, but a good indicator.?!* To further verify the
ferroelectric properties, other techniques like surface tunnelling microscopy / spectroscopy
or piezoresponse force microscopy have to be performed.3'® Based on the close relationship
between SHG and BPV, implementing the same techniques which are used to increase the
SHG in TMDCs3!'7 should give at least a correlation and hint in which direction the
TMDCs can be boosted for the BPVE. Thus, methods like the charge-induced SHG,3'® or
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injection of plasmonic hot electrons for ultrafast SHG3!” should also be possible to create a
BPV current.3?"

Since the field of vdW-based BPVE is still evolving, further experiments are necessary
to strengthen the understanding.? Shedding more light onto the effect, like
comprehension of the recombination mechanisms, demands intrinsic photocurrent
measurements.!™ Nevertheless, some principal fabrication guidelines are already in place.
First of all, larger shift currents are expected for materials with smaller band gaps.?!?
Concerning the device geometry, a channel parallel to the polarization and smaller than the
free path length I is needed. In-plane3?! and out-of-plane39?:322 polarization thus dictates
whether a planar or vertical detector is needed, cf. Figure 7.1f for a scheme of a vertical
device. In addition, examinations with a tip-vertical geometry have shown the benefits of
ferroelectrics over piezoelectrics due to the screening field surrounding the tip, which leads
to band bending and impact ionization.?%?

First time-resolved photocurrent experiments have revealed ultra fast recombination
mechanisms in vertical devices with graphene sandwiched 3R-MoS; down to 2ps.3!!
Another study has found a responsivity and external quantum efficiency of up to
70mA/W-! and 16 %, respectively.?> These initial results of the anomalous BPVE in
TMDCs have shown a promising ultrafast photoresponse with high conversion efficiencies.
Taking a step back and testing a simple detector without graphene electrodes would be
necessary to determine the response of pure TMDCs. Either the 3R-phase could be taken
directly, or defect engineering beyond PtSes3'* on the more typical TMDCs could be tried
to produce a strong BPVE. As already mentioned before, testing the effects which induced
an SHG in TMDCGs is of interest as well. Thereby, especially the coupling with plasmonic
structures is expected to be a promising approach.>'®  Once a suitable material is
established, a vertical detector design for the out-of-plane polarisation is suggested with the
upper electrode consisting of a nanopyramid array,?® combining the already known
benefits??” with possible plasmonic enhancement effects, which will be discussed later on in
this chapter.
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7.3 Optical Cavities

Confining the electromagnetic field via an optical resonator opens up the possibility of
enhancing light-matter interaction.??*  Before discussing some exemplary studies and
applications, the theoretical background is briefly introduced. For a more detailed
introduction and derivation of the equations described here, the reader is referred to
elsewhere.3%°

7.3.1 Theoretical Background

An optical cavity can be formed by two plane-parallel mirrors with adjustable distance Lcqq
and reflectivity R, so light in between them is reflected back and forth, cf. Figure 7.2a.
This particular example is the easiest way to describe an optical cavity and is also called a
Fabry-Pérot resonator. Resonance is achieved when the phase matches during each passage,
resulting in constructive interference:3%

Leay = 7;%\ (7.1)
Thereby, m is an integer and n the refractive index of the medium inside the cavity. A photon
is lost when it is transmitted through the mirror, called the photon decay rate of the cavity
k, which is resembled by the spectral width of the resonance Aw, see Figure 7.2a and b:3?°
k=Aw= M, (7.2)
N Leay
with ¢ being the speed of light. The quality factor ) of a cavity can be defined via the
same Aw as @ = w/Aw, which gives the deviation from a perfect cavity with no losses. It is
therefore a good measure for comparing different cavities.326
Upon introducing a simple 2-level system into the cavity, such as an atom with the ability
to absorb and emit photons, an additional non-resonant decay rate () needs to be
considered. This loss parameter accounts for off-axis and / or non-resonant emission of
photons (Figure 7.2a). Furthermore, an atom-photon coupling parameter gy, determining
the strength of interaction between the cavity and atom based on the interaction energy set

by the electric dipole interaction, can be defined:3?°
fiiow 1/2
= 7.3
90 2e0hVy (7.3)

It is influenced by the transition dipole moment u?,, the frequency of the light w and the
mode volume V. For more than one atom inside the cavity, go scales with the square root
of the number of atoms /NN .325,327

If the losses k and v are compared to the coupling, two different regimes can be
determined: weak and strong coupling. If the interaction in the atom-cavity system merely
influences the spontaneous emission rate, weak coupling is observed. However, if the
frequency of the emitted photon is influenced, the interaction alters the energy levels
responsible for emission, and strong coupling is achieved. Both models will be briefly
described in the following.325

Weak coupling. In this regime, the photons are lost faster than they are reabsorbed by
the atom, that is, gop << k,~y, in which case the interaction can be described by perturbation
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theory. The main effect, also called the ‘Purcell effect’,?® of the cavity is the suppression
or enhancement of the emission rate W by influencing the density of states g(w) by being
in- or off-resonance with the atomic transition (Figure 7.2b) in accordance to Fermi’s golden
rule:32°

27
W = ﬁ‘MIZPQ(w)u (74)
With the transition matrix element Mja= £2ui,E2,., the electric dipole interaction with &
being the normalized dipole orientation factor. By comparing the transition in free space
(Wree) with that in the cavity, We,,, assuming exact resonance and dipoles oriented along
the electric field, the Purcell factor FpWeqy/Wree is obtained:3%°

n 3
Fp = % (7.5)

For Fp > 1, one can expect enhanced emission, while Fp < 1 leads to suppressed emission.
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Figure 7.2. a) Scheme of a Fabry-Pérot resonator with a two-level atom inside. b) Density
of states within a cavity. c¢) Pendulum analogy for strong coupling. d) Hybridization
between photon and emitter into a lower and upper polariton under strong coupling. Figure
similar to Ref.3?? e) Scheme of an experimental setup allowing time-resolved photocurrent
measurements simultaneously to cavity resonance tuning. Adapted from Ref.?> Copyright
2024 American Chemical Society.

Strong coupling. If a photon is reabsorbed faster by the atom than lost by the cavity, that
is, go >> K, 7y, the interaction between the cavity and atom is reversible and strong coupling
is achieved. This can be described by the quantum mechanical Jaynes-Cummings Model33°
which is in a rough approximation similar to the Rabi model, considering the interaction
between only few photons and quantized light fields including the vacuum E-field. In a
quasi-classical analogy, strong coupling can be understood as two coupled pendulums, with
Q) being the coupling strength (Figure 7.2c). At the resonance of the oscillation, the system
will then experience an energy transfer induced by the coupling, which appears as a spectral
splitting into two polaritonic states:

wi =wEQ, (7.6)
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around the resonance frequency, see Figure 7.2d.325 Briefly, the proportionalities for strong

light-matter coupling can be described by:325:327

gwmux\% (7.7)

Thus, higher coupling strengths can be achieved via tuning the material (increasing the
number of emitters or the dipole strength), or the cavity (increasing the quality factor or
reducing its volume).

7.3.2 Optical Cavities for Fast Photodetectors

Coupling with a cavity can be understood as light confinement in time and space.?8

Thereby, a small cavity volume defines the confinement in space, and this is much more
pronounced in plasmonic cavities.?3! However, higher quality factors are hard to achieve in
light of the losses present in such plasmonic cavities.?®®  Optical cavities realized by
Fabry-Pérot resonators, Bragg mirrors or whispering gallery modes on the other hand are
able to achieve high quality factors,?26 and thus are able to achieve a relatively long photon
lifetime compared to the free space, which has to be paid attention to, especially for
ultrafast applications.

Augmenting the photoluminescence and absorption (PL) by the Purcell effect in the weak
coupling regime has been shown for a variety of 2D materials and cavities.332335
Enhancing the absorption does not only increase the PL, but also affects the photocurrent.
For example, a graphene-based photodetector inside a Bragg mirror has been shown to
improve from 2.3% to 60 % absorption which increased the photocurrent by a factor of
approximately 20.336 Interestingly, for the experimental design the spacer layer between
mirror and active material was found to be pivotal, since no spacer can lead to a worse
absorption than no mirror at all.?32

The relationship between the Purcell effect and the time-resolved photocurrent remains
unclear so far. Since the weak coupling regime does not change the exciton dynamics,33”
the effect of enhanced absorption and thus photocurrent could lead to a decreased RC time
of the device. The suppression of the radiative decay paths promises to influence the
material response time by leading to more charge carriers in non-radiative pathways. This
might be only visible within intrinsic measurements, or if the influence on the response time
is tremendous maybe even within extrinsic measurements.

First experiments with black phosphorous on a photonic crystal cavity / waveguide
demonstrated a 36-fold enhancement of the responsivity in combination with a fast
bandwidth of >1.42 GHz, thus showcasing the compatibility of cavities with high speeds.33®

The strong coupling regime requires large exciton energies to be observable at
room-temperature, for which TMDCs are an ideal platform.??® The realization of strong
coupling for TMDCs has first been shown in 2014 with monolayer MoS.34? Since then,
several reports with different coupling strength 2 have been published, not only for
MoS,.284:341,342 Being able to couple to a cavity, the resulting properties which are
influenced by the coupling are of great interest, particularly with respect to charge
transport and exciton transfer. For the Forster-like excitation-transfer it has been shown
that the limitation of transfer lengths to a few nanometers is lifted upon introduction into a
cavity.?¥3 Further results on exciton conductance show a delocalization of the polaritonic
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mode, overcoming disorder or imperfections.344 345 Experiments with organic

semiconductors strongly coupled to a plasmonic cavity have shown increases of the
conductivity by one order of magnitude caused by delocalizing the excitons via
polaritons.?4® Thereby, the influence on the conductivity has been demonstrated to depend
on the Rabi splitting €2, favouring higher splitting strengths. The examination of six-layer
WSs within a Fabry-Pérot cavity has shown an increased electron mobility by a factor of
50, as well as a modulation of the Schottky barrier height up to 45meV under resonance
conditions.?*” This shows further possibilities of tuning the photoresponse and device
properties within a cavity. Theoretical considerations even predict superconductivity within
TMDCs in cavities intensifying the importance of research in exciton-polariton coupled
systems.348

Beyond the altered conductivity, early studies in organic semiconductors have shown strong
coupling to increase the radiative rates and suppressing the slow, rate-limiting,
non-radiative pathways,3*? which could have promising impacts on TMDC based
photodetectors.

Conducting time-resolved photocurrent measurements within an optical cavity requires
a well-designed setup which will be shortly addressed here. An obvious prerequisite is a
tunable cavity®®® that allows the variation of the cavity resonance while measuring the
photocurrent. This will give access to the relation between the optical effects described
above and the (time-resolved) photocurrent, cf. Figure 7.2e. Once the effect of the cavity is
clear, it is possible to implement the device in a fixed cavity with the desired resonance to
enable scalability. Such an implementation of one or two fixed cavities simultaneously has
been shown to i.e. bring new switchable detection in QDs based on the bias-dependent
diffusion length,?®' or wavelength-dependent sensing based on the implemented
resonance. 336
In more detail, particular attention has to be directed to the material with regards to
thickness and the Stokes shift. The emission rate decreases drastically for thicknesses above
a monolayer due to the transition from direct to indirect semiconductor for most
TMDCs.'? Interestingly, thick TMDCs can be treated as a cavity by themselves which
would complicate the system even more.??> By choosing a material with a small Stokes
shift, e.g. WSso, strong coupling gets more relevant due to the larger possibility of
reabsorbing an emitted photon.?®® As mentioned before, the cavity mirrors have to be
highly reflective to provide a higher Q-factor, but at the same time they have to preserve
some transmittance, otherwise no light can enter the cavity.33¢ In addition to the necessity
of a spacer layer for an appropriate distance to the mirrors,33? the layer has to be
electrically insulating to allow accurate photocurrent measurements. A suitable process in
this context is applying AlyO3 by atomic layer depositioning.?* Last but not least, it is
important to encapsulate the tips and the whole cavity within a Faraday cage to prevent
external interference signals.

Following those guidelines, one can expect that reaching the weak and the strong
coupling regime of a photodetector and a photonic microcavity will drastically change the
speed and efficiency of the device.
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7.4 Plasmonics

In the context of cavities, plasmonics have already been briefly introduced in the previous
section.331:337:355-357  Within this section, the point of view will be shifted slightly away
from the strong light-matter coupling and Rabi oscillations towards the subject of near-field
enhancement and hot electrons inherent to plasmonic nanostructures, although this
inevitably overlaps with optical cavities with respect to the polaritonic nature of the
excitation.

Plasmonics offer a versatile and promising platform for the next generation of
subwavelength and ultrafast optoelectronics, exceeding the diffraction limit of conventional
optics as well as current delay time limitations and heat development in modern day
358 After some theoretical basics of the subject, recent advances and future
prospects of this field are given with respect to ultrafast photodetection. More detailed
derivations of the formulas presented here can be found elsewhere.3%%360

electronics.

7.4.1 Theoretical Background

In a simplified picture, plasmons can be described as the quantized oscillations of the free
electron gas excited by an external electromagnetic wave. In this approximation of the
plasma model according to Drude and Sommerfeld, the positively charged ion cores are taken
as static and the electrons as a freely moving gas. This model collapses when it comes to
interband transitions within the material. Other effects, like electron-electron interactions
are accounted for by taking an effective optical mass m. for each electron. Solving the
equations of a damped, driven oscillator with an external electric field E with harmonic time

dependence as well as damping of v results in the dielectric function €(w):3%% 360
2
w
€w)=1- m (7.8)

with wf, = ne?/egme., the so-called volume plasma frequency, which is characteristic for any
conductor. The damping ~ resembles a collision frequency inside the material on the order
of 100 THz at room temperature. The complex dielectric function e¢(w) can be split into a
real and an imaginary part. Qualitatively, the real part has to be negative to enable
plasmonics inside the material and the imaginary part, the absorption, should be as small
as possible.  Materials that fulfil this prerequisite are mostly conductive materials,
specifically, noble metals. For gold i.e. the interband transitions occur above 2.5eV and
thus it is not suited for plasmonics in the UV, due to the large absorption loss in this part
of the spectrum.3°% 360

By solving Maxwell’s equations for a conductor and a dielectric, surface plasmon
polaritons (SPP) are obtained which propagate along the flat interface. To excite an SPP,
special techniques like the aid of a prism or a grating are necessary to ensure energy and
momentum matching.361:362 Estimations for the propagation length on gold interfaces yield
10 gm before the SPP is thermalized. For the penetration depths of the evanescent waves
into the metal and the dielectric, 1/e decay lengths of 28 nm and 328 nm are achieved,
respectively.360
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Figure 7.3. a) Excitation scheme of a localized surface plasmon resonance (LSPR) in a gold
nanosphere. The displayed signal on the detector shows the spectral response. Figure similar
to Ref.3%3 b-d) Processes after LSPR excitation in nanoparticles. b) Near-field coupling
between two gold spheres in close proximity. The near-field enhancement is indicated in
between them. c¢) Far-field scattering on the left for a single particle. Particles arranged in
a proper lattice can couple their far-field radiation. d) Schematic hot electron transfer from
a gold nanoparticle over a Schottky barrier to a TMDC semiconductor. Figure similar to
Ref 364

Direct excitation of a plasmon is possible in small nanoparticles of size d, smaller than
the excitation wavelength due to the curved surface, cf. Figure 7.3a. Thus, the phase of
the harmonic electromagnetic wave is nearly constant over the whole particle. In this quasi-
static approximation, the simplest solution is derived for spheres, but can also be calculated
(numerically) for more complex shapes. Solving the Laplace equation V2® = 0 to calculate
the electric field, the equations evolving can be interpreted as a superposition of the external
field and a dipole in the center of the particle. Introducing the polarizability «, the dipole
moment can be written in the form of p = €ye,aly, with the dipole moment p. Solving the

equation more precisely yields:3%?

€ — €
p = 606m4ﬂ'(136 T 2::,1 EO, (79)

from which it follows that « can be written as: o = 47m3:+_%’;;. Thereby, 4wa> corresponds
to a factor based on the geometry of a sphere with radius a. ¢y and €,, are the dielectric
constants of the particle and the surrounding medium, respectively, and Fy is the surrounding
electric field. Apparently, o becomes resonant under the assumption of a nearly constant Im/e]
around the resonance under the so-called ‘Fréhlich condition’ Re[e(w)] = —2€,. Particularly

interesting for the application of plasmonic nanoparticles in optoelectronics is the scattering

and absorption cross section Cseq & Claps:>>”
k4 8 €—¢€
Coca = —|a|? = —k*a| —=2 7.10
sca 67r‘a‘ 3 a |6—|—26m‘ ( )
€—¢
Cabs = k[m[a] = 4wka31m[ﬁ] (711)
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Those two equations show a dependence on the radius of the nanosphere of Cy., ~ a% and
Cups ~ a3. For applications, this means that the scattering increases more strongly for
increasing particle size, while for small particles absorption dominates over scattering.
Furthermore, the cross section shows a direct connection between the resonance and
absorption / scattering, which is enhanced at the resonance as well.35

Beyond the single particle resonance, collective plasmonic resonances can be observed
between many particles. Two different forms are distinguished: near-field and far-field
coupling. Thereby, the near-field coupling leads to spectral shifts and new hybrid modes
distributed among the different particles (Figure 7.3b),36° whereas the far-field can lead to
surface lattice resonances (SLR) in a well-designed periodic lattice, leading to a narrow
spectral response.?%6 Thereby, the far-field scattering of each single particle has to be in
phase with each other in order to be reinforced, see Figure 7.3c. In a very rough
approximation (homogenous environment, perpendicular incidence), the first order
diffraction is found when the resonance wavelength divided by the refractive index matches
the lattice period.?66

All discussed phenomena so far highlight the radiative decay paths of the plasmonic
oscillation. Usually, the non-radiative pathways are regarded as loss. But the free carriers
needed for energy conservation in small structures help to store the kinetic energy of the
process and thus enable i.e. confinement of the light below the diffraction limit.?6” They
are considered hot carriers because they have reached energies which are significantly above
thermal excitation.?®® The timescales of those processes, depicted in more detail in
Refs.,309372 show nearly instantaneous excitation within few femtoseconds of the LSPR
followed by damping which results in hot charge carrier generation, i.e. via Landau
damping. Afterwards, carrier relaxation takes place either by the faster carrier-carrier
scattering or by the slightly slower carrier-phonon scattering within 1 to 10 ps. Energy is
subsequently dissipated as heat.?%? A more detailed discussion of the different hot electron
generation and transfer mechanisms is beyond this work and can be found elsewhere.367369
Revisiting the Fowler equation (Equation (2.13)) for the internal photoemission of metals,
the formula can be applied to describe the direct hot electron transfer.8! Experimental data
suggests that this transfer occurs on the order of 100fs or less.>™® To better capture the
plasmonic aspect and the influence of the plasmonic particles, Equation (2.13) can be

expanded to a slightly modified version for the responsivity in dependence of the frequency
373,374

R(v) = ch o(v) (7.12)

Thereby, the exponent n is usually 2 in metals and larger in semiconductors. The term
a(v) describes the photon absorption of the plasmonic nanoparticle or structure. By tuning
the plasmonic structure in size and structure, the hot electron generation can thus be
further controlled and maximized e.g. with sharp structures like stars.37%37 The key take
away of the hot electrons in plasmonics is the extraordinary timescale in the femtosecond
regime during which the hot electron has to be transferred over the Schottky barrier onto a
semiconductor in order to contribute to a photocurrent, see Figure 7.3d. Hereby, it has to
be highlighted that the Schottky barrier limits the spectral detection rather than the
bandgap of the semiconductor. Thus, spectral extension into the NIR can be
achieved 370,376
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7.4.2 Plasmonics in Photodetectors

Combining plasmonics with photodetectors is no inherently new concept and has been
subject to several reviews,43,170,364,369,370,372,377 Nevyertheless, especially the perspective of
plasmonics in combination with materials beyond graphene, like pure TMDCs, for fast
photodetection is more scarcely described.

The two most suitable paths to tune photocurrent generation by plasmonics within TMDCs
are either direct enhancement of the exciton generation process or injection of hot carriers
produced in the plasmonic structure.3%* The former has been shown to improve the
photocurrent by factors spanning across three orders of magnitude, which will be detailed
exemplarily below.

The simple approach of depositing AuNPs (NP) on a TMDC detector has lead to a
3-fold enhancement of the photocurrent and a 2-fold PL enhancement with only less than
1% of the surface covered.>”® This is achieved with the high absorption cross section of the
NPs. Using a more sophisticated structure like a pyramid, combines the possibility of a
large collection area at the base with a confinement of the light at one sharp tip.27?380 This
principle, which enables techniques like TERS, could also be used by combining a pyramid
array>23 as one of the electrodes of the detector with a TMDC flake. Going beyond the
single particle, near-field enhancement between two structures can be exploited. A simple,
yet efficient structure is the bow tie structure consisting of two triangles.?®! Arranging such
a bow tie structure within an array of bow ties makes additional use of the far-field
coupling and potential surface lattice resonances.?®? Although this example is not TMDC
based, it is one of the rare examples showing an influence not only on the photocurrent
with enhancements up to a factor of 30, but also an improved temporal response of a factor
three to four in the millisecond regime.?®? Further exploiting the collective properties of
several nanoparticles based on platinum has shown to enhance the photocurrent by three
orders of magnitude.3”® But again, the response speed remains nearly unchanged (~1s).

Combining the advantages of plasmonic enhancement with the necessary electrodes
needed to extract photocurrents leads to guided-mode resonance electrodes.?®3 For colloidal
QDs they have shown 250-fold improvements in the responsivity, but again no influences on
the time scale. The underlying effect is the accumulation of the electro magnetic field
within the layer of the absorber. Such electrodes are arguably easier to implement in the
near-infrared due to the larger feature size needed, but with EBL they are also applicable
for the visible range. Additional advantage of such grating-based detectors in direct
comparison to waveguides is the absence of additional coupling, which produces losses in
waveguides.'43 Further possibilities of the grating / electrode approach lies in the design of
asymmetric gaps offering new degrees of freedom.3°%:384
The common ground for all these photocurrent enhancements is the apparent signal
amplification by the plasmonic field enhancement with an absence of improvements in the
response time.37’

In contrast to the pure field enhancement, utilizing hot electrons seems to be more
promising for accelerating the temporal response. Purely plasmonic detectors rely on this
principle and achieve bandwidths in the higher GHz regime.'#3287  For implementing a
photodetector based on hot electrons, the whole process including the timescales has to be
considered: First, generation of hot carriers following the plasmonic excitation. This takes
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only several femtoseconds.3"! Second, the hot electrons have to move to the

metal-semiconductor interface without losing the energy by scattering before the transport
over the interface across the Schottky barrier can take place.?”® The different possible
pathways for the hot electron injection can be divided into a direct and an indirect transfer
mechanism,?%” which seem to be sensitive towards external influences like strain.®®® Once
injected, the electrons have to be extracted to result in a photocurrent. A detailed analysis
on how to boost each of the steps can be found elsewhere.3™

Experimental approaches of the hot carrier injection mechanism have revealed times of
143 fs between platinum and MoS,.3%¢ Besides a fast injection, a large efficiency is of high
interest as well. An interesting approach toward further increasing the efficiency of the
transfer process, despite decreasing the particle size,®” is the combination of a SPP with a
LSP.3%8 Thereby, hot electron transfer within 40 fs from gold to MoSy with 1.65 % efficiency
was shown, enhanced by the strong coupling of SPP and LSP. The suggested mechanism
proposes that the non-radiative part of the SPP acts as a ‘recycle bin’ for the LSP radiative
energy. Thus, not only coupling between plasmonics and the active material is relevant,
also coupling of different plasmon types can be of great advantage. In this regard, the
interaction between Fano resonances of a plasmonic grating with WSs has shown
interactions in the femtosecond regime as well, showing the ultrafast injection of hot
electrons also for SLRs.?®® Thus, plasmonics provide ultrafast electrons to TMDCs, but
what happens with them inside the TMDC? As shown before, most detectors operate at
much longer timescales than femtoseconds. The study revealing 143 fs injection time also
showed a prolonged lifetime in the TMDC exceeding 800ps leading to an overall
photoresponse of 10 1s.3%% Additionally, if the excitation wavelength is also absorbed by the
TMDC, then the fraction of hot electrons may be small in comparison to the (slow)
excitons in the material. A good workaround for the latter problem is the exploitation of
sub-bandgap excitation in the NIR. A dedicated review to this can be found in Ref.!7
Combining hot electrons of gold electrodes which are excited by the evanescent field of a
waveguide rather than by a LSP shows the general feasibility of this approach with
bandwidths exceeding 1.37 GHz at telecommunication wavelengths for pure TMDCs.3%°
However, generally the device geometry and the material seems to be a limiting component
as well.

Keeping all the various strategies and examples in mind, the following fabrication
guidelines and ideas are proposed to continue the work of this thesis with plasmonics. Some
questions will remain until experimental proof. Since the most examples in literature show
(milli-)second detectors in combination with femtosecond plasmonics, the question is: If the
operating time scales of a photodetector and plasmonics are close, will the near-field
enhancement without hot electrons already have an impact? Furthermore, is it possible to
harness hot electrons at above-bandgap-wavelengths and see an acceleration in the response
or is it limited to below-bandgap-excitation?

For verification of the plasmonic influence onto the photodetector, either a before-after
approach on the same flake or two channels, one without and one with a plasmonic
structure, are necessary. The recommended starting point is a rather simple system and
from there, more complexity to the plasmonic system can be added step by step. If EBL is
not an option, a rather simple but yet effective first approach could be performed with a
rapid annealing at elevated temperatures producing randomly distributed nano particles on
the surface.!®® If the high temperatures pose a risk to the existing electrodes needed for
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before-after measurements, alternative techniques like printing with gold ink could be
tried.3?1:392 However, if EBL is a feasible option, a bow tie structure is proposed, since it
combines sharp tips, preferable for hot electron generation,>%37 with a high near-field
enhancement.38! To further boost the hot electron generation in the plasmonic structure,
platinum as plasmonic material could be tested, because each atom can contribute a
variable amount of 1 to 5 electrons due to interband transitions, and it offers lower
screening than gold.37%:3%3  Specifically, one would expect a significantly different response
near the plasmon resonance compared to off-resonance excitation as well as sub- vs.
above-bandgap excitation of the TMDC. Interesting options to make use of both
simultaneously could be either a system with two different SLRs in x and y or dual
plasmonic particles with two resonances.?%%3% With hinsight to the approach of coupled
SPP and LSP,3# the bow ties could be arranged in an array to make use of the additional
SLR or in Fisher patterns to extend the near-field coupling further.?®® By introducing a
high-x layer like AlsOgs in between the active material and the plasmonic structure, the
near-field enhancement could be separated from a potential hot electron transfer.3%?
Additionally, benefits like defect saturation, mobility enhancement and dielectric effects
could be employed by such methods as well as index engineering to boost the
plasmonics.?*7 3%  The downside would be a more complicated fabrication in which the
electrodes and the plasmonic structure cannot be fabricated in one step.

Once the plasmonic influence on the response speed is understood and the parameters
altering the detector the most are clear, more precise guidelines for plasmonic TMDC
photodetectors can be developed.

Although the three approaches, BPVE, cavities and plasmonics, seem to be different,
combinations of them could be beneficial as hinted throughout the chapter. By employing
the proposed techniques at least partially, a faster response speed as well as a higher
responsivity is expected for pure TMDC devices.
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8 Summary & Conclusion

To fully address the initial question ‘How to reach the limit of photodetectors based on pure
MoSs and WSes without sacrificing a simple and cost-effective fabrication?’ the findings of
this work will be summarized and concluded in the following.

Initially, the practises for the electrical bandwidth determination of photodetectors are
compared and discussed in Chapter 3. Especially, the pitfalls which might be encountered
when working with nanostructured materials in contrast to commercialized photodiodes are
highlighted. = The analysis of two different QD systems, specifically PbS/EDT and
CdSe/T"/Zn4APc and two TMDCs, MoS; and WSey, reveal deviations of up to 3 x 103
when applying the commonly used approximation fsgp = 0.35/t.isc instead of the Fourier
transformation approach. Given these large deviations, the comparison of different
bandwidths should be only done when acquired with the same method. These results have
been published in The Journal of Physical Chemistry C, 126, 14011-14016 in 2022.

Secondly, after specifying the good practice when determining the response time /
bandwidth, MoSs detectors are being investigated towards their speed of response.
Accordingly, the electrode style to contact the flakes is varied and the influence on the rise
and fall times examined. For TMDCs, the particular structure of separate layers offers new
possibilities of making contact to the edge and, thus, to the individual layers directly.
Conventionally used top electrodes contact the huge dangling bond-free surface of MoS»
instead of the edge. By changing this, the fall times of MoSs photodetectors are accelerated
by more than one order of magnitude, exceeding 18 MHz for the fastest device.
Additionally, the influence of the contacting metal, gold and titanium, is examined as well.
By changing the metal, the work function of the electrode is varied and, thus, the resulting
Schottky barrier between metal and semiconductor influenced. Taking all these
observations into account, the acceleration is explained by the higher in-plane carrier
mobility accessible with the edge contacts, because no tunneling over the individual vdW
layers has to be completed. Thus, the interlayer transfer time is irrelevant and the carriers
can be extracted in parallel over the edges. Considering the Schottky barrier, the faster
response times of gold in comparison with titanium can be explained by the larger barrier.
The same barrier is also changed when contacting the face or the edge of a TMDC, thus
contributing to the acceleration. Most important for the aspect of scalability is the
fabrication, which is only expanded by one additional step of reactive ion etching.
Consequently, the concept is expected to be applicable to all layered materials,
demonstrating a simple and scalable route for future TMDC photodetectors. These results
have been published in Nanoscale Advances, 5, 3494, in 2023. Details are given in
Chapter 4.

During the previous studies, an important observation is the absence of saturation
within the detectors. Additionally, the laser power is not enough to yield sufficient
photocurrents within few layers of TMDCs for examination with the used measurement
setup. Thus, by focussing the laser, the irradiance is increased and consequently a lower
photoresistance is achieved as well as the possibility to investigate atomically thin flakes
with high spacial resolution. This is realized by establishing the time-resolved photocurrent
measurements within a home-built confocal microscope. As a result, the irradiance could be
increased by a factor of up to a 1000. Hence, the photoresistance and subsequently the RC
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time constant can be controlled directly. For this study, the model system chosen is WSes
due to the known limitation mechanism with the used device geometry from previous
studies. Variation of the irradiance with e.g. optical filters, showed a direct correlation
between response time and photoresistance, indicating an RC-limitation of around 30 MHz,
which is further verified by calculating the capacitance. In a next step, the device geometry
is altered to overcome the RC-limitation. This is possible due to the small focus spot,
which enables a shrinking of the electrode geometry. Hence, the channel length is reduced
to decrease the resistance further and the capacitance is optimized by shrinking the
electrode dimensions. With this new geometry, fabricated with EBL, the bandwidth of the
detectors exceeds the limit of the measurement setup of 0.23 GHz. Additional
improvements, like optimising the device geometry further in terms of channel width and
length, can be performed easily by EBL, once the setup is upgraded. With regards to
energy consumption, a low switching energy of < 27{J/bit is calculated. For bilayer WSes,
nearly the same speed is measured, presumably only limited by the larger photoresistance.
Overall, increasing the saturation in TMDCs to decrease the omnipresent RC time is
another universally applicable and simple concept for photodetectors to increase the speed
towards their material limit. The results can be found in more detail in Chapter 5 and have
been published in RSC Applied Interfaces, 1, 728-733 in 2024.

The additional projects described briefly within Chapter 6 show the possibility to
reduce the RC time for CdSe photodetectors by reducing the channel length. This concept
is later on reused for the acceleration of the WSes detectors, described in the previous
paragraph. The next project highlights the influence of the used substrate on the detector
performance as well as the resulting change of the speed-limiting mechanism. The last
project shows the discrepancy between intrinsic measurements and extrinsic photocurrent
measurements for the example of PbS nanocrystals. The different projects are published in
ACS Applied Material & Interfaces, 13, 47954-47961 in 2021, Physical Chemistry Chemical
Physics, 24, 25383-25390 in 2022 and Nano Letters 22, 2809-2816 in 2022, respectively.

To conclude this work, the initial question is answered from four perspectives.

RC time reduction. The major step towards a response time reduction in this work is
the reduction of the RC time. This can be achieved by reducing the resistance by increasing
the absorption within the flakes, by reducing the channel length or by decreasing the
contact resistance with edge contacts. None of those methods are complicating the
fabrication process to hinder scalability. Additional methods like the combination with
cavities or plasmonics, presented in the outlook or like high-x dielectrics addressed in the
fundamentals are expected to further accelerate the devices.

Mono- vs. multilayer. The question whether atomically thin monolayers or multilayer
flakes are better for TMDC photodetectors has to be answered depending on the purpose.
Although intrinsic measurements indicate the opposite, for now, if the detector speed is the
top priority, then the increased absorption of the multilayer is of great benefit to guarantee
a low RC time. If the detector also needs to satisfy other constraints like reduced vertical
dimensions, then a mono- or bilayer of WSes may be beneficial. For such a purpose the
bulk photovoltaic effect described in the outlook may be an option in the future to satisfy
both criteria simultaneously.

MoS2 or WSes. Already for the measurements prior to the confocal setup without edge
contacts for MoSy, WSey appeared to be faster for thick, bulk-like flakes. An additional
advantage of WSes over the MoSs crystals was the dark current which has been shown to
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be several orders of magnitude lower in WSes within this work. Approaching the monolayer
limit, WSey again showed a faster detector speed whereas MoSs suffered from slow and
large persistent photocurrents induced by defects. If those defects can be cured, thin layers
of MoS, are expected to be faster as well, but for now it is outperformed by WSes.
Intrinsic and extrinsic photocurrent measurements. Reaching the limit of a device
implies approaching the intrinsic response time. For the two examined TMDCs, the
intrinsic times given in literature reach from nanoseconds down to few picoseconds,
depending on the publication. The fastest devices here have shown response times down to
at least 2ns / 230 MHz, presumably faster. Hence, a gap of maximal three orders of
magnitude remains to be overcome if the boundaries are taken conservatively. Figure 8.1
displays the performance of the devices examined in this work within the devices published
in literature as well as the intrinsic response times. Once, the setup is extended into the
GHz regime, a clearer picture of the extrinsic / intrinsic difference can be drawn.
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Figure 8.1. Overview of responsivity vs. speed for photodetectors from literature in

combination with the figures of merit obtained for the detectors within this work. Details
can be found in Table 2 in the Appendix. Data from this work: [1]3® multilayer WSes,
[2]35 edge contacted multilayer MoSs, [3]3¢ multilayer and [4]3¢ bilayer WSey under focussed
illumination.

For now, the routes to systematically reduce the device response times have shown
photodetectors among the fastest based on pure TMDCs without photonic integration in
literature, cf. Figure 8.1. Furthermore, the exploration of the full effect of the single
measures for increasing the response time described here, as well as their combination, was
hindered by the current setup limit. Giving these points and the concepts presented in the
outlook of this work, it is expected that they can close the gap between the device response
time towards the material response time. Consequently, TMDCs are envisioned to be more
than capable of becoming the next generation of photodetectors, beyond the era of silicon.
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Appendix

Table 2. Detailed data of the responsivity $t vs. response speed t,;s. plot in Figure 2.13
and 8.1. Responsivities with * are estimated values based on the laser power used.

Material ALaser (nm] R [A/W] trise / trau (18] fsap [MHz| Ref.
MoS; 635 7x10% 10* / 10* - 165
MoS2/SnSes 500 9.1x10? 2x10° / 6x10° - 400
WSe; 852 2x103 5.3x10% / - - 401
MoS, 561 880 4x10% / 9x10° - 231
MoSs/ZnPc 532 430 8x10* / 8x10* - 402
MoSes/WSes 650 140 18 / 16 - 403
WSes 532 94 14 / - - 160
MoSy/WSey 532 40" 1.7x10* - 89
MoSs/MA3BiaBrg 530 35" 300 / 300 - 404
MoSz /WS, 532 20" 3.9%10* / 4.7x10* - 405
MoSs/Perovskite 637 16.8 6x10% / 4x10° - 167
MoSs 555 10 42 / - - 140
WSesy/PtSs 635 1.2 8/9 - 83
MoS 532 1.04 40 / 50 - 406
MoS, 637 1 64 / 51 - o1
MoSes 520 0.89 52 / 62 - 168
WSey 633 0.8 136 / 39 - 407
WSes 740 0.6 <8/ <8 - 159
MoS, 532 0.57 70 / 110 - 94
MoTey/MoSs 638 0.55 -/ - >0.1 84
WS 635 0.51 4.1x105 / 4.4x106 - 86
PtSey/CdTe 780 0.51 8.1/ >43.6 0.0062 408
MoSs/Gr/WSey 637 0.5 53.6 / 30.3 - 409
MoSs /Gr 632.8 0.45" 130 / - - 9%
MoTe; 980 0.33 0.022 / 0.024 - 1
PtSs 830 0.3 74 / 101 - 88
WSes 550 0.171 <2.3x10* / - - 145
WSes 450 0.17 0.008 / 0.02 22 1
MoS, 640 0.11 -/ - 5.5 90
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Material ALaser [NM] R [A/W] trise | trau (18] f3sap [MHz]  Ref.
WSes 637 0.1 50 / 20 - 264
WS, 532 0.1" 4.5x10° / 6x10* - 410
WSes 450 0.1 0.264 / 0.552 1.9 102
WSes /ReSey 532 0.08" 5/5 - 163
MoSe; 520 0.05" 490 / 495 - 411
MoTey/MoSs 637 0.046 60 / 25 - 96
MoSs/BP 1550 0.01" 15 / 70 - 87
PtSey /Perovskite 808 0.01" 0.071 / 0.056 2 412
Photonic integration
MoTey/Gr 1300 0.2 - /- 2.4x10% 270
MoTes 1300 0.023 -/ - 500 152
MoS, 1550 0.0157 -/ - >1.37x103 3%
MoTes 1160 0.0048 - /- >200 151
Si 850 0.36 3.5x10° / 2x10™ - 413
Detectors of this work
WSe; 636 0.05 -/ - >230 36
WSey 636 0.0075" - /- 2.6 38
WSey 635 0.0075" 1/06 - 38
WSey (bilayer) 635 0.0065 0.029 / 0.019 - 36
MoS2; 636 0.05" - /- 18 35
MoS2; 635 0.05" 0.098 / 0.049 - 3
Intrinsic ALaser (nm] R [mA/W] tin [ps] faap [GHz]  Ref.
MoTes (25 nm) 780 2.5" 10 - 138
MoTey (4nm) 780 0.23 223.5 - 138
WSes (25nm) 780 - 426 - 31
MoS,/WSes 780 - 16.5 - 31
MoSz (Mono) 452 EQE 0.001 3-5 (fast) 300 30
80-100 (slow)
Gr/WSey/Gr 759 - 10.3 50 414
Gr/40 nm 759 IQE<40 % 1x10% - 139
WSey/Gr
Gr/2.2nm 759 IQE>70% 5.5 100 139
WSes/Gr
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« polarizability
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Ak change of momentum

At delay time
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0% damping
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K photon decay rate

W mobility
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v frequency
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T4 charge carrier drift time

T charge carrier recombination time
Ts charge carrier transfer time
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13 dipole orientation factor

103



LIST OF ABBREVIATIONS & SYMBOLS

A area

Qege Bohr exciton radius

C capacitance

c speed of light

Clobs absorption cross section

Csea scattering cross section

D diffusion coefficient

E external electric field

e elementary charge

Ep exciton binding energy

Er Fermi energy

Eq electrical band gap

Eopt optical band gap

Fp Purcell factor

f34B 3dB bandwidth

frep repetition rate

G gain

g channel length

g(w) density of states inside a cavity
g0 atom-photon coupling parameter
h Planck constant

Liork dark current

Iphoto photocurrent

Isc short-circuit current

Jb ballistic current

Jsh shift current

K(k) complete first order elliptical integral
kg Boltzmann constant

L channel width
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[ diffusion length

lo free path length

M reduced exciton mass

Me effective electron mass
Mo transition matrix element
N number of electrode fingers
n principal quantum number
n refractive index

P dipole moment

P(w) power spectrum

= steady state power

Paser laser power

Q quality factor

q electron charge

R resistance

R, contact resistance

Ry total resistance

R, channel resistance

T temperature

tlife lifetime

V mode volume

Va gate voltage

Voo open-circuit voltage

Vsp applied bias

w emission rate

w electrode width

2DM 2D material

ASOPS  asynchronous optical sampling

BP black phosphorous
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BPVE bulk photovoltaic effect

CB conduction band

CdSe cadmium selenide

CNL charge neutrality level
CVD chemical vapour deposition
DOS density of states

EBL electron beam lithography
EDT 1,2-ethanedithiol

EQE external quantum efficiency
FFT fast Fourier transform
FLP Fermi level pinning

GBP gain-bandwidth-product
GHz gigahertz

hBN hexagonal boron nitride

HMDS hexamethyl disilazane

IDE interdigitated electrodes

LED light-emitting diode

LSPR localized surface plasmon resonance
MSM metal-semiconductor-metal

NA numerical aperture

NEP noise equivalent power

NIR near-infrared

NP nano particle

PbS lead sulfide

PC photoconductive

PDMS polydimethylsiloxane

PDs photodetectors
PG photogating
PL photoluminescence
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QD
RIE
SC
SEM
SHG
SLR
SPP
SRH
TIA
TMDCs
VB
vdW
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photovoltaic

Quantum Dot

reactive ion etching
semiconductor

scanning electron microscope
second harmonic generation
surface lattice resonance

surface plasmon polariton
Shockley-Read-Hall recombination
transimpedance amplifier
Transition metal dichalcogenides
valence band

van-der-Waals

visible light communication
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