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Abstract

The speed of response of a photodetector is influenced by many factors, including the
geometry of the device, the photoabsorber, and the electrodes. A wide variety of substrate
materials such as Si/Si0O,, glass, sapphire, and several flexible polymer foils are used in the
fabrication of these detectors. Although the dielectric influences on nanostructured materials
often used as photoabsorbers are widely known, the influence of the substrate on the
performance of photodetectors, especially with respect to their speed of response, is scarcely
explored.

This work focuses on the influence of the substrate on the speed of response of otherwise
identical photodetectors. Firstly, the setup is presented that was developed for the time-
resolved photocurrent studies. Both, the response of a detector towards a laser impulse and a
laser square pulse illumination, need to be investigated for the complete study of the
photodetector response. The impulse response of the detector displays its non-steady state
behavior and information about present decay mechanisms can be obtained. This is important
for the application of the device in telecommunication, where short, delta-shaped laser
impulses are utilized for data transmission. [llumination with a square pulse of sufficient pulse
width to reach steady state conditions in the photodetector allows to estimate the factor that
limits its speed of response (RC time, transit time, diffusion time or recombination time). The
time-resolved responses towards both techniques are governed by the slowest time component
present in the detector. The accuracy of the developed setup is confirmed by an examination
of commercial photodetectors.

Then, it is shown that Si/SiO, cannot be used as substrate for such time-resolved
photoelectrical studies under visible illumination, because the silicon generates a photocurrent
signal itself. Hence, soda-lime glass with a high dielectric constant and the polyimide
poly(4,4'-oxydiphenylene pyromellitimide), also known as Kapton HN, with smaller dielectric
constant, are utilized as substrate materials. The influence of these two substrates on two
different classes of nanostructured photoabsorbers with outstanding optoelectronic properties,
namely CdSe quantum dots and WSe, is subsequently presented.

Thin films of iodide-capped CdSe quantum dots that are sensitized with zinc f-
tetraaminophthalocyanine (CdSe/I/Zn4APc) absorb not only in the visible range but also in
the first telecommunication window, thus, this material is a very interesting photoabsorber.
When deposited on top of glass and polyimide, CdSe/I/Zn4APc thin films show distinct
differences in their speed of response under illumination with a laser impulse. CdSe/T"
/Zn4APc films deposited on polyimide have a significantly diminished tail current compared
to the glass devices. This is due to the smaller dielectric constant of polyimide that allows
fewer trap states near the substrate / semiconductor interface to be occupied, making the
multiple trapping and release mechanism less pronounced. It leads to an enhanced 3 dB
bandwidth of 85 kHz for detectors on polyimide, vs. 67 kHz for devices on glass. On the
contrary, a comparable decay behavior is observed on both substrates under square pulse
illumination reaching steady state photocurrent, since all trap states are saturated at long
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illumination times. Because of high photoresistances, even for channel lengths of only
350 nm, all photodetectors are RC limited.

To obtain faster photodetectors, the photoresistance must be reduced. This requires materials
with higher charge carrier mobilities than those present in CdSe/I'/Zn4APc. WSe> as layered
van der Waals material not only offers high charge carrier mobilities, but also exhibits rich
excitonic features that makes this material an interesting candidate for optoelectronic
applications. Indeed, examined photodetectors using WSe: as the active material have a faster
response than the ones based on CdSe/I/Zn4APc. The speed of response of the photodetectors
when using polyimide and glass as substrate is examined in detail. When WSe: is attached on
polyimide, the detector is RC limited, whereas on glass, excitonic diffusion processes arise.
The strong dielectric screening of glass reduces the depletion width at the
metal / semiconductor interface compared to the situation on polyimide and with that alters
the factor that limits the speed of the detector. On glass, the 3 dB bandwidth can be tuned up
to 2.6 MHz with an increasing electric field. This acceleration of the glass detectors can be
seen in both impulse and square pulse investigations.

In summary, this work provides experimental evidence that the choice of the substrate is an
important aspect when high-speed photodetectors are to be developed and that it should be
given more consideration in the future than it has received so far.
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Zusammenfassung

Die Geschwindigkeit eines Photodetektors wird von vielen Faktoren beeinflusst, dazu zdhlen
die Geometrie des Bauteils, der Photoabsorber und die Elektroden. Zahlreiche
Substratmaterialien werden bei der Herstellung dieser Gerite genutzt, wie beispielsweise
Si/S10,, Glas, Saphir und einige flexible Polymerfolien. Obwohl die dielektrischen Einfliisse
auf nanostrukturierte Materialien, die héufig als Photoabsorber verwendet werden, weithin
bekannt sind, ist der Einfluss des Substrats auf die Leistung der Photodetektoren,
insbesondere im Hinblick auf ihre Geschwindigkeit, kaum erforscht.

Diese Arbeit konzentriert sich auf den Einfluss des Substrates auf die Geschwindigkeit von
ansonsten identischen Photodetektoren. Zundchst wird der Messaufbau vorgestellt, der fiir die
zeitaufgelosten Photostromstudien entwickelt wurde. Fiir die vollstaindige Untersuchung der
Photostromantwort eines Detektors miissen sowohl dessen Reaktion auf einen Laserimpuls als
auch auf einen Rechteckspuls untersucht werden. Die Impulsantwort des Detektors zeigt sein
instationédres (Nicht-Gleichgewichts-)Verhalten auf und es konnen Informationen {iber
vorliegende Abklingmechanismen gewonnen werden. Dies ist wichtig fiir die Anwendung des
Detektors in der Telekommunikation, in der kurze, deltaférmige Laserimpulse fiir die
Dateniibertragung eingesetzt werden. Die Beleuchtung des Detektors mit einem
Rechteckspuls, dessen Pulsbreite ausreicht, um den Gleichgewichtszustand zu erreichen,
ermoglicht die Abschidtzung des geschwindigkeitsbegrenzenden Faktors (RC Zeit, Transitzeit,
Diffusionszeit oder Rekombinationszeit). Das Antwortverhalten des Detektors wird bei
beiden Techniken von der langsamsten Zeitkomponente bestimmt, die im Bauteil vorliegt.
Die Genauigkeit des entwickelten Aufbaus wird durch die Untersuchung kommerzieller
Photodetektoren bestitigt.

Dann wird gezeigt, dass Si/SiO2 bei Verwendung von sichtbarer Strahlung nicht als Substrat
fiir solch zeitaufgeloste photoelektrische Studien verwendet werden kann, weil das Silizium
selbst bereits ein Photostromsignal erzeugt. Daher werden Kalk-Natron-Glas mit einer hohen
Dielektrizitdtskonstante und das Polyimid Poly(4,4'-oxydiphenylenpyromellitimid), auch
bekannt als Kapton HN, mit einer geringeren Dielektrizitidtskonstante als Substratmaterialien
verwendet. Der Einfluss dieser beiden Substrate auf zwei unterschiedliche nanostrukturierte
Photoabsorberklassen mit herausragenden optoelektronischen Eigenschaften, ndmlich CdSe
Quantenpunkte und WSe», wird darauthin dargelegt.

Diinnschichten von Iodid-umhiillten CdSe Quantenpunkten, die mit Zink-§3-
tetraaminophthalocyanin sensibilisiert sind (CdSe/I/Zn4APc), absorbieren nicht nur im
sichtbaren Bereich, sondern auch im ersten Telekommunikationsfenster, was dieses Material
zu einem sehr interessanten Photoabsorber macht. Auf Glas und Polyimid aufgebracht
ergeben sich deutliche Unterschiede in der Geschwindigkeit der Detektoren bei Beleuchtung
mit einem Laserimpuls. CdSe/I'/Zn4APc Schichten auf Polyimid weisen im Vergleich zu den
Glasbauteilen einen deutlich geringeren Photostrom beim Abklingen des Signals auf. Dies ist
auf die geringere Dielektrizititskonstante von Polyimid zuriickzufiihren, die es weniger
Fallenzustinden in der Nahe der Substrat / Halbleiter-Grenzfldache erlaubt, besetzt zu werden.
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Dadurch ist der Mechanismus des mehrfachen Einfangens und Freisetzens (engl.: multiple
trapping and release mechanism) auf Polyimid weniger stark ausgeprégt. Es ergibt sich eine
verbesserte 3 dB Bandbreite von 85 kHz fiir die Detektoren auf Polyimid im Vergleich zu
67 kHz fir diejenigen auf Glas. Im Gegensatz zur Impulsbeleuchtung wird unter
Rechteckspulsbeleuchtung ein vergleichbares Abklingverhalten auf beiden Substraten
beobachtet, da alle Fallenzustéinde bei langen Beleuchtungszeiten gesittigt sind. Aufgrund der
hohen Photowiderstinde sind alle Detektoren selbst bei Kanalldingen von nur 350 nm RC
limitiert.

Um schnellere Photodetektoren zu erhalten, muss der Photowiderstand verringert werden.
Dies erfordert Materialien, die hohere Ladungstrigerbeweglichkeiten besitzen als CdSe/I"
/Zn4APc. WSe; als van-der-Waals Schichtmaterial bietet nicht nur eine hohe
Ladungstragerbeweglichkeit, sondern weist auch zahlreiche exzitonische Eigenschaften auf,
was dieses Material zu einem interessanten Kandidaten fiir optoelektronische Anwendungen
macht. Die untersuchten Photodetektoren, die WSe, als aktives Material nutzen, sind
tatsdchlich schneller als solche, die auf CdSe/I'/Zn4APc basieren. Die Geschwindigkeit dieser
Photodetektoren wird bei Verwendung von Polyimid und Glas als Substrat untersucht. Wird
WSe, auf Polyimid aufgebracht, so ist der Detektor RC limitiert, wihrend bei den Detektoren
auf Glas exzitonische Diffusionsprozesse auftreten. Die starke dielektrische Abschirmung von
Glas verkiirzt die Verarmungszone der Metall / Halbleiter-Grenzfliche im Vergleich zur
Situation auf Polyimid und verdndert damit den geschwindigkeitsbegrenzenden Faktor des
Detektors. Auf Glas kann eine 3 dB Bandbreite von bis zu 2.6 MHz ermittelt werden, wenn
das elektrische Feld erhoht wird. Diese Beschleunigung der Glasdetektoren ldsst sich sowohl
bei Impuls- als auch bei Rechteckpulsuntersuchungen beobachten.

Zusammenfassend kann gesagt werden, dass diese Arbeit experimentelle Beweise dafiir
liefert, dass die Wahl des Substrates einen wichtigen Aspekt bei der Entwicklung von
Hochgeschwindigkeitsphotodetektoren darstellt und in Zukunft stirker als bisher erfolgt
beriicksichtigt werden sollte.
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2 1 Introduction

1.1 Motivation

The first report on photoconductivity dates back to 1873, when W. Smith observed a change
in the resistance of selenium under different intensities of illumination! with its spectral
dependence being discussed by Sale? in the same year. Shortly afterwards, in 1876, W.
Adams and R. Day reported on the photovoltaic effect of a selenium photocell.’> Nowadays,
photodetectors are used quite frequently in both photoconductive and photovoltaic mode and
are utilized for example in telecommunication, industrial control, medical health care, for
environmental monitoring, and as cameras for optical imaging and in night vision. These
applications place different requirements on the detectors regarding speed, responsivity,
quantum yield, and spectral response.

High-speed photodetectors are particularly needed in optical communications, where they are
used as interconnects in data transfer. Light signals in optical fibers are used for long-distance
data transmission, while data processing is performed electrically in the computer using field-
effect transistors in integrated circuits. Hence, an optical switch is required to convert the
optical signal into an electronic one. This process is rather slow compared to the speed of
transmission within an optical fiber* and the switching speed of a transistor’. With an
acceleration of the photodetection process, data transfer can be accelerated overall.® The so-
called telecommunication windows are located in the near infrared (NIR) with three practical
bands at 850 nm (first window), 1.3 pm (second window) and 1.55 pm (third window), where
optical fibers are optimized for their attenuation and absorption properties.” 8 However, high-
speed photodetectors are also required for the visible (vis) range due to data transmission by
means of visible light communication.” !° Even though this is a niche technology that could
be used as an information transmitter in light spots in museums or at exhibitions, its
importance should not be underestimated. It enables tap-proof data transmission in closed
spaces, enhancing communication security considerably, and minimizing electromagnetic
interference, e.g., in airplanes or hospitals.

Most of the electronics today is based on silicon, which is also regularly used in
photodetectors. However, it has limited capabilities due to its indirect band gap at 1.1 eV and
several emerging materials have been suggested to replace it as active material in
photodetectors. Nanostructured materials are of particular interest because quantum
confinement creates novel properties that distinguish them from their conventional 3D
counterparts. Thus, quantum dots, nanowires and nanosheets have become the focus of
interest.!> 12 In this work, the performance of CdSe quantum dot (QD) and WSe;
photodetectors is examined.

In order to accelerate the speed of response of photodetectors, many investigations are
devoted towards the development of the photoabsorbing material, where, e.g., QD
photodetectors can be modulated by trap state engineering'>'® and transition metal
dichalcogenides (TMDCs) are modulated due to surface oxidation / doping.'”!” While using
the same active material, the choice of the electrode metal can accelerate the photoresponse?’-
26 and also the electrode geometry has to be considered.?’** In addition, strain can influence
the speed of a photodetector, which is examined frequently.*!~® In contrast, although it is well



1.1 Motivation 3

known that surface and interface engineering has a great influence on nanostructured
systems®’, to the best of my knowledge, very few studies are available regarding the influence
of the substrate on the performance of photodetectors, especially with regard to the speed of
the detectors.

GaS nanosheets have been studied by Hu et al. in 2013 on both Si/SiO> and polyethylene
terephthalate (PET) substrates and distinct differences on responsivity, external quantum
efficiency and linear dynamic range have been reported.’® The authors hypothesize that trap
states at the Si0, surface might play an important role in this context. However, the influence
of the substrate towards the speed of the GaS photodetector response could not be
investigated due to setup limitations.

In 2013, Lopez-Sanchez et al. mentioned the influence of different growth techniques and
surface treatments of the substrate Si/SiO2 on not only the responsivity but also the speed of
response of a monolayer MoS: photodetector. Very large differences in photoresponse decay
times were reported, ranging from 0.3 to 4000 s.*?> They were attributed to differing surface
hydrophobicities as both, adsorbed moisture on MoS>*° and different silanol group densities
on the surface of SiO substrates for graphene devices*’, are reported to have an significant
influence on the electronic properties.

Kufer et al. examined mono- and bilayer MoS: photodetectors in 2015 and checked the
influence of a HfO, encapsulation.!® The temporal response could be accelerated considerably
with a HfO; layer on top of the MoS; from approx. 120 ms to 8 ms, which was ascribed solely
to the removal of surface bound oxygen and water due to protection of the device from the
atmosphere. The possible influence of the changed dielectric environment was not discussed.

Cui et al. investigated Ga;Os3 detectors in 2017 on both quartz and polyethylene naphthalate
(PEN) substrates but concentrated on the influence of oxygen vacancies towards the speed of
the photoresponse.*! The authors showed that for varying amounts of oxygen defects in Ga>Os
the performance of the photodetectors on quartz and PEN is comparable, but they did not
perform in-depth comparative studies.

A more detailed investigation on both the responsivity and the speed of the photoresponse
was shown by E et al. in 2020. They investigated BeZnO alloy on sapphire, PET and PEN.*
The photocurrent rise and fall under square pulse illumination was fitted biexponentially with
the fast component of the recovery (fall) time being in the range of 9 ms up to 16 ms and the
slow one in between 34 ms to 76 ms, depending on the substrate used. The overall rapid
recovery was ascribed to a high density of defect states working as recombination centers in
the amorphous film. Similarly, the response (rise) times of the detectors vary, however,
differences of the substrates and their influences towards the response and recovery time
constants are not discussed.

In 2021, Cadatal-Raduban et al. investigated TiO» thin films on silicon, quartz and soda-lime
glass.* The responsivity varied significantly, whereas the estimated fall time is roughly the
same, with minor variations ascribed to different crystallinities of the TiO> film on the three
substrates.
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Environmental effects of the KOH electrolyte concentration on the responsivity of a
photoelectrochemical Nb>C photodetector deposited on indium tin oxide (ITO) coated glass
was shown by Gao et al in 2021, but no variation in the speed of the detector was observed.**
In contrast, when the active material was applied on a Si/Si0O; substrate and measured in air,
the detector was strongly slowed down. The authors ascribed this to a possible oxidation of
Nb2C and did not investigate the time-dependent photoresponses of the different devices
further.

There are even photodetector studies in which the utilized substrate material is not
mentioned!® #*, which further emphasizes how little attention has been devoted to this aspect
in the development of photodetectors to date.

1.2 Objective

Photodetectors for optical communication need to fulfill high requirements. Users are
demanding continually increasing data transfer rates, and to ensure this, photodetectors must
be accelerated. Therefore, new materials have to be examined with regard to their
photoelectronic  properties, and combining inorganic nanostructures with organic
semiconductors offers a wide range of possibilities to tune the material properties.

The aim of this thesis was to establish a setup for time-resolved photocurrent studies and to
perform first investigations of the speed of the photoresponse of nanostructured materials
within the framework of the so-called “Coupled Organic Inorganic Nanostructures for Fast,
Light-Induced Data Processing” (COINFLIP)*¢*® project. Materials of interest are CdSe QDs
sensitized with the dye zinc B-tetraaminophthalocyanine and WSe; crystals. In this context,
the effect of different substrate materials on the speed of otherwise identical photodetectors
should be examined in more detail. Therefore, I investigated photodetectors based on a silicon
wafer with thermally grown SiO» layer (Si/SiO2), on glass and on the polyimide poly(4,4'-
oxydiphenylene pyromellitimide), also known as Kapton HN.

1.3  Outline of this Thesis

The relevant theoretical background is presented in Chapter 2 — “Photodetection with
Functional Nanomaterials”. An introduction to photodetection is provided with a detailed
overview of the common types of photoelectric photodetectors, focusing on the speed of the
devices. The two techniques employed in this thesis, the illumination of a detector with a very
short laser pulse (named impulse illumination) and the illumination with a suitably long
square pulse reaching steady state conditions in the photoresponse (named square pulse
illumination), are introduced. In addition, fundamental aspects of nanostructured materials are
given, in specific for the investigated CdSe QDs and the transition metal dichalcogenide
(TMDC) WSe». A brief overview of known influences of a dielectric on the material classes
examined is provided.
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Figure 1.1. Graphical Outline of this Thesis. Chapter 4: “Proof of Concept: The Time-
Resolved Photocurrent Setup”, Chapter 5: “Substrate Selection”, Chapter 6: “Substrate
Effects on the Bandwidth of CdSe Quantum Dot Photodetectors”, reprinted with permission
from Schedel et al.* Copyright 2021, American Chemical Society. Chapter 7: “Substrate
Effects on the Speed Limiting Factor of WSe, Photodetectors”, reprinted with permission
from Schedel et al.>® Copyright 2022, the Royal Society of Chemistry (PCCP Owner
Societies).

In Chapter 3 — “Methods and Materials” the developed setup is described, and the other
methods used are reported. Furthermore, the investigated photodetectors and their preparation
are described in detail.

To verify the accuracy of the established setup, I examined commercial photodetectors. These
results are presented in Chapter 4 — "Proof of Concept: The Time-Resolved Photocurrent
Setup". The square pulse and impulse illumination techniques are demonstrated, and the
electrical bandwidth determination used in this work is presented. The graphical presentation
of the developed time-resolved photocurrent setup is given in panel 4 of Figure 1.1.

If a semiconductor is to be investigated as active material for a high-speed photodetector, not
every material can be exploited as substrate for the detector. Chapter 5 — “Substrate Selection”
deals with this observation using the example of a Si/SiO> wafer and briefly introduces the
substrate materials chosen for this work, glass and polyimide. Si/SiO; being not suitable as
substrate for time-resolved photoinvestigations using visible light illumination is published in
ACS Materials and Interfaces, included in the paper “Substrate Effects on the Bandwidth of
CdSe Quantum Dot Photodetectors”.* The graphical illustration of this Chapter is given in
panel 5 of Figure 1.1.
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The studies of iodide-capped CdSe QD photodetectors crosslinked with the dye zinc -
tetraaminophthalocyanine (Zn4APc), named in the following as CdSe/I/Zn4APc, are
presented in Chapter 6 with the figure of content shown in panel 6 of Figure 1.1. Both, the
response towards a laser impulse (= impulse or non-steady state photoresponse) and towards a
square pulse (= square pulse or steady state response), of detectors on glass and polyimide are
investigated. Significant differences in the speed of the impulse responses are observed for
different substrates, with an electrical bandwidth of 85 kHz on polyimide, whereas identical
QD detectors on glass are limited to 67 kHz. The time limitation of both detectors, the
resistance — capacitance (RC) time, is discussed and a way to reduce it is demonstrated. The
results presented in this Chapter are published in ACS Materials and Interfaces, bearing the
same title “Substrate Effects on the Bandwidth of CdSe Quantum Dot Photodetectors”.*’

To circumvent very high resistances, such as those limiting the performance of the CdSe/T
/Zn4APc photodetectors in Chapter 6, the advantages offered by layered structures should be
exploited and WSe, photodetectors are presented in Chapter 7 — “Substrate Effects on the
Speed Limiting Factor of WSez Photodetectors”. Polyimide and glass are used as substrate
materials. The devices based on polyimide are RC limited, whereas the ones on glass are
limited by excitonic diffusion processes, which is visible in both impulse and square pulse
photoresponses. With that, the bandwidth of the detectors on glass can be increased up to
about 2.6 MHz with increasing electric field, whereas the bandwidth on polyimide is not
affected by the electric field. The results presented in this Chapter are published in Physical
Chemistry Chemical Physics, with the same title as this Chapter has.®® The graphical
illustration for this investigation is shown in panel 7 of Figure 1.1.

Chapter 8 - "Summary and Outlook" summarizes all the results of this thesis and gives an
outlook on how this research might be continued.
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8 2 Photodetection with Functional Nanomaterials

2.1 Photodetection

Photodetectors convert incident optical signals into electronic signals and are classified into
two major groups, one being thermal detectors and the other being photoelectric detectors.’!
52 In thermal detectors, the optical energy is measured directly by observing a temperature rise
because of the absorption of the energy of photons. This is a rather slow process and therefore
not suited for the detection of fast optical signals.>>>> Photoelectric detectors, on the other
hand, are based on the photoelectric effect and, due to many different designs, offer a wide
variety of working mechanisms that allow perfect tunability to the needs of the application,
including fast-switching devices.

Due to their compact size, photodetectors based on the internal photoelectric effect are
primarily used. In this process, an electron is excited to a higher energy level by the

absorption of a photon and an electron-hole pair is formed. The photon energy required for
this jgSl 52 55-59

hv > E, (1)

with the Planck’s constant (h), the frequency of the incident radiation (v) and the energy
difference of the corresponding energy levels (E;). When the semiconductor used as
photodetector is excited with the optical band gap energy (Ej ,,¢), a Coulomb-bound electron-
hole pair, a so-called exciton, is formed, cf. Figure 2.1a. The energy levels of the excitons are
energetically below the conduction band (E;) and the exciton binding energy (Ep) of the
ground state exciton can be calculated according to:%%-6

Me* (2)

Ep = ———
B 8h2e,2¢,2

Mp

with the reduced mass of the electron-hole pair (M = Tn , calculated via electron mass

mp
(my) and hole mass (m,)), the elementary charge (e), the vacuum permittivity (&), and the
dielectric constant of the semiconductor (&,). This binding energy must first be expended to
separate the exciton into free charge carriers (Eg = Eg op¢ + Eg), which can then contribute to
a photocurrent under the influence of an electric field. Strongly bound electron-hole pairs
occur primarily in ionic crystals or organic molecular crystals. There, the exciton is typically
located in the same unit cell and in the extreme case even on the same atom and is referred to
as Frenkel exciton. In contrast, in inorganic semiconductors with high dielectric constants, the
interaction is strongly screened and the electron-hole pair, also called Mott-Wannier exciton,
is spatially extended.’® ®' The average distance of the two bound charge carriers is the Bohr

exciton (agy.) radius:®! 6% 63

_ go&rh? (3)
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Figure 2.1. Energy levels of a) a direct band gap semiconductor with excitonic levels
indicated by dotted lines, b) an indirect band gap semiconductor with both indirect (dark blue)
and direct (light blue) transitions. Blue dot = hole, photogenerated in the valence band (Ey ),
red dot = electron, excited into excitonic levels or the conduction band (E;).

Figure 2.1a shows a semiconductor with a direct band gap, such as GaAs or InP. The
maximum of the valence band and the minimum of the conduction band are at the same
position in reciprocal space (k-space) and an optical transition can take place solely due to the
absorption of a photon. For a semiconductor with an indirect band gap, such as Si or Ge, the
maximum of the valence band and the minimum of the conduction band are at different
k-values, cf. Figure 2.1b. A photon alone cannot cause an excitation over the indirect band
gap, since it has only a very small k-vector, and a phonon must be excited in addition.
Momentum transfer with the lattice takes place, making this process less efficient than a direct
transition. Direct transitions can be obtained in an indirect band gap semiconductor under
excitation with higher energies.’> % 6 %6 [n addition, a distinction is made between intrinsic
semiconductors, in which electrons are excited from valence to conduction band, and extrinsic
ones, in which transitions occur that involve dopant states in the band gap.>> %% % 63

2.1.1 Figures of Merit

The performance of photodetectors can be compared in varying aspects using figures of merit.

For many applications, the speed of response of a photodetector is essential. Optical
communication systems, for example, operate at high rates of several tens of Gbits/s.”> ¢’
Therefore, an extremely fast response of the photodetector utilized in an optical receiver in the
range of picoseconds is required. With a sub-nanosecond response of the detector, the
radiative recombination lifetime of a material can be measured in a time-resolved
photoluminescence system.®® Environmental detection using light detection and ranging, so-
called LIDAR, is used among others for geodesy, seismology and in autonomous driving,
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requiring nanosecond response of the detectors.®” Photodetectors with microsecond response
time can be exploited for heart rate and blood oxygen saturation measurements.’® Millisecond
response, for example, is required for flame detection in vulnerable industrial facilities’' and
is sufficient for optical imaging'* %, since 10 — 60 frames/s are perceived by the eye as a

continuous flow.

The rise time (t,;5.) 1s @ measure of the speed of response and is defined as the time it takes
for the photocurrent to increase from 10 % to 90 % of its total value, and the fall time (t7qy),
correspondingly the reverse, is defined as the time it takes to decrease from 90% to 10 %.
They have to be distinguished from the response time or time constant (7) which is the time it

takes to reach (1 — E) ~ 63.2 % of the final value. The rise time can be calculated from the

response time by considering a factor of 2.2.7> 7 Another possibility to specify the speed of
response is by giving the electrical bandwidth of the device. The 3 dB bandwidth is the

frequency at which the photocurrent is reduced to V0.5 = 70.7 % of its steady state
photocurrent value, corresponding to a reduction of the signal power to 50 %.”* 7> The
bandwidth can be estimated based on the photoresponse of the detector towards a delta-

shaped laser pulse. By fast Fourier transformation (FFT) of the impulse response (f(t)) the

power spectrum (P(w)) is given as®® 7%

P(w) = [FFT(f(©)|? 4)

and can be converted to the logarithmic scale using dB = 10log; @, with the signal power
1

under steady state conditions (P;). The 3 dB bandwidth (f5 45) is related to rise time and

response time approximately via®> 7375 84-86

fzag = =
2nt Zntrise trise

1 22 035 (5)

Both, the choice of active material with its corresponding charge carrier mobilities and the
device geometry used, determine the speed of response of a photodetector. Therefore, a
detailed description of the parameters that affect the rise time / bandwidth is provided in the
following sections for each detector type.

Not every material can be used as absorber for every application as the range of the optical
spectrum exploited in applications differs. The ultraviolet (UV) part of the spectrum is
exploited among others for flame detection®’, in chemical analysis for example for toxin
screening in food®® and for monitoring of solar UV exposure®. Visible light communication
requires high-speed photodetectors in the visible range (vis).” '° In addition, vis image sensors
are used in cameras’> *°, for example for safety applications like blind spot warning systems
for cars’!. In the near infrared (NIR), telecommunication® *, biomedical imaging®* and night
vision and surveillance® * are possible applications for photodetectors. Since photocarriers
can only be generated when photons are absorbed, the wavelength dependent absorption
coefficient (a (1)) of the active material in a photodetector is of major importance and defines

its spectral response. The spectral response describes the magnitude of the photoresponse as a
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function of the wavelength of the illumination. Figures of merit used to display it are
responsivity (R(4)) and quantum efficiency (7(4)).>"7°

The responsivity correlates the generated photocurrent (Ipp,¢0) to the incident optical power
(Pope) and is defined as:® !> 7475 84.96

— IPhoto (6)

R
Popt

The external quantum efficiency () is defined as the ratio of the number of generated
photocarriers (Ippoto/€) to the number of incident photons (P,,:/hv). It thus gives the
probability that an incident photon will generate an electron-hole pair that contributes to the

photocurrent and is closely related to the responsivity.>!> 3% 3% 66, 84,97

_ IPhotth _ Rhv (7)
- ePopt e

Incident light can be reflected at the surface of a photodetector, reducing the number of
photons that can enter the device and might be absorbed. Furthermore, if the absorption
coefficient of the semiconductor is low at the wavelength of the incident illumination and the
active semiconductor material is not sufficiently thick, only a small fraction of the incoming
photons will be absorbed, and the rest will be transmitted. The internal quantum efficiency
accounts for this by considering only the number of photons absorbed, not the number of
incident photons.>!: 3> 66

The long-wavelength cutoff of the spectral response is the wavelength corresponding to the
band gap of the active material as with lower energies no electrons can be excited and a(4)
decreases sharply (if trap states in the band gap or excitation over the Schottky barrier in a
metal-semiconductor diode, cf. Chapter 2.1.1.2, are neglected). For shorter wavelengths, a(1)
increases strongly and the spectral response generally matches the absorption spectrum of the
active material.!® %819 Since most photons are absorbed in the range of 1/a(A)%, i.e., near the
surface of a photodetector, where charge carriers recombine rapidly due to a large number of
recombination centers (which is especially pronounced for conventional 3D semiconductors),
a short wavelength cutoff exists as well.>!> >

For many photodetectors, more than one charge carrier can be generated in the circuit for only
one absorbed photon. This is expressed by gain, which specifies how many charge carriers per
generated electron-hole pair contribute to the current flow.>! The current due to the absorption
of photons is named primary photocurrent, whereas the increase of photocurrent due to gain
mechanisms is called secondary photocurrent.’> 7* Gain plays a major role in photoconductors
and phototransistors and will be discussed in more detail in the associated Chapters 2.1.2.1
and 2.1.2.3.

The responsivity does not consider the size of a photodetector. The area-independent figure of

merit that allows direct comparison of different detectors is the so-called specific detectivity
(D*):75:96 101, 102
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R\ Af ®)

B 6Inoise

D*

with the current noise spectral density (61,,i50), the detector area (A) and the electrical
bandwidth (f). The unit [cmvHz/W] is also known as Jones.

A signal-to-noise ratio of one is the lower detection limit of a photodetector. It indicates that
incident radiation with optical powers equal to, or lower than this value cannot be measured
as the generated signal is equal to, or lower than the noise current. The corresponding optical

power, the Noise Equivalent Power (NEP), can be calculated according to:>> ™ 75 84,96, 102

ol noise (9)

NEP =
R

The range with linear response of the photodetector towards the incident optical power is
called linear dynamic range.”!

2.1.2 Types of Photodetectors

There are many types of photodetectors that show significant differences in their performance
and varying figures of merit are optimized. In the following, the most common types, namely
photoconductors, photodiodes, and phototransistors, are described in more detail with focus
on their speed of response.

2.1.2.1 Photoconductor

A photoconductor is a semiconductor with ohmic electrical contacts whose conductivity

increases significantly under illumination due to the generation of additional free charge

carriers, cf. Figure 2.2a. The conductivity (o) can be calculated according to>% 37 61-63.75.92

o =e(n+ :upp) (10)

with the mobilities of electrons (i) and holes (u,) and the corresponding charge carrier
densities (n, p). If z electron-hole pairs are photogenerated per second, the additional free
electron / hole densities (An / Ap) are:®

An = zt1, (11a)
Ap = zTy (11b)

with the free lifetime of electrons and holes (7, 7,), respectively, that describe the time
during which the respective charge carrier is a free, mobile carrier in the corresponding band.
By applying an electric field, mobile charge carriers can be swept to the electrodes and
contribute to the photocurrent in the meantime.>® ’* The photoconductivity (Ag) is®

Ao = ze(UnTy + UpTy) (12)
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Figure 2.2. a) Schematic of a photoconductor, with the velocity of electrons being larger than
the velocity of holes (v, > v,,). b) Transient photocurrent with one photon being absorbed at
position x at time t = 0, c¢) Transient photocurrent when the entire photoconductor length is
illuminated at t = 0. Electron and electron current depicted in red, hole and hole current

depicted in blue, total current shown in green. Figure similar to Bowers and Wey.'®

The speed of response of a photoconductor can be limited by several factors. The time
required for the charge carriers to reach the electrodes, the transit time (tirqns), 1S an
important aspect, not only for photoconductors but for all photodetectors. If an exciton is
generated at a specific position (x) in the semiconductor with length (d), the charge carriers
get separated by the applied electric field (€) and the mobile carriers are swept towards the

electrodes, cf. Figure 2.2. The current (i(t)) is defined by Ramo’s theorem according to>!: 1%4

i(6) = —=v(®) (13)

with the electric charge being moved at the velocity (v(t)). Under the assumption that charge
carriers move with constant velocity (hole velocity (v,) and electron velocity (v,)), the hole
and the electron need the times'®

i (14a)
2%

d—x (14b)
vn

respectively, to reach the electrodes, cf. Figure 2.2b. If the whole detector is illuminated,
electron-hole pairs are generated across the entire channel length, resulting in both holes and
electrons being collected directly at their corresponding electrodes and having to travel the
entire length (d) when generated near the opposing electrode, cf. Figure 2.2c. This gives the

transit time:52, 55, 58, 63, 85, 105

L d _d_d& (15)
ranst T p(t) T wE wU

for the corresponding charge carriers (i = n, p) under the applied voltage (U).
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Usually, mobilities of electrons and holes differ, resulting in a shorter transit time for the
majority carrier (electrons in Figure 2.2). The photogenerated majority carrier is extracted by
the electrode and due to charge neutrality, another majority carrier is replenished into the
photoconductor from the opposite ohmic electrode to transit the device. The minority carrier
can also be trapped in a localized state near the band edge. There, it is in thermal equilibrium
with the band and can be reexcited by kzT, with the Boltzmann constant (kg) at the
temperature (7). The process of majority carrier transit continues until majority and minority
carrier recombine.’!s 32 3 3% 58 Direct charge carrier recombination of free electrons and free
holes usually takes place only at high charge carrier densities. Otherwise, recombination of a
free charge carrier with a carrier located in a recombination center dominates, the so-called
Shockley-Read-Hall recombination. Recombination centers are localized states in the band
gap, which are not in thermal equilibrium with the bands as trap states but are deep states and
therefore dominated by kinetic recombination processes. The energy of the transition can be
dissipated either by the emission of a photon, by transfer to phonons, or by transfer to a third
charge carrier in an Auger recombination,> 36 3% 63.73

The obtained gain depends directly on the majority carrier transit time and the minority carrier
recombination time or lifetime (t;;r.), which is defined as the time the carrier is excited
including the time spent in traps (thus, is usually longer than the free carrier lifetime). It
ranges from 10713 s up to several seconds depending on the semiconductor material and its
degree of doping.®! The gain can be calculated via: !> 36 31-53.92. 103, 106

tiife (16)

ttrans

G =

For fast photodetectors, the carrier lifetime must be short, giving rise to a trade-off between
the response speed and gain. However, if different trap states of a material and their
associated time constants are studied, the material composition of the detector can be
optimized to selectively induce fast, shallow trap states, while avoiding all others through
adapted fabrication processes. This allows gain to be preserved while speed is improved.!*!®
197 In a special case of photoconduction, when many trap states are present in the material, the
trapped charge carriers can modulate the electronic properties of the photoconductor channel
as an additional gate. This is called photogating.'% 1%

Another limitation for the speed of a photodetector is caused by the resistance (R) and the
capacitance (C) of the detector and its adjacent circuit.’! The so-called RC time defines an
exponential relaxation process of the device in response to the (dis-)charging because of the
illumination. The capacitance of a photoconductor, as shown in Figure 2.2a, can be calculated
using the parallel-plate capacitor model with®® ¢!

- A (17)

d

with detector area (A4). Parasitic capacitances of the circuitry must be considered for the RC
time calculation as well. Likewise, regarding the resistance, both the resistance of the detector
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and the load resistance of the circuitry are crucial.®>°”- %! For an RC limited photodetector, its
3 dB bandwidth (f345 g¢) can be calculated according to® 27-3% 101103

f __1 (18)
3dB,RC — 27RC

The slowest of these three time constants —transit time, lifetime or RC time — limits the speed
of a photoconductor. While the transit time can be reduced by shortening the detector length,
the capacity, thus the RC time, is increased at the same time. A simultaneous optimization of
all time constants is not possible, and the optimal geometry must be found in the trade-off
between transit time and RC time. Since most photoconductors exhibit internal gain, they are
severely limited in speed and therefore generally cannot be used for high-speed applications.

2.1.2.2 Photodiode

In contrast to a photoconductor, a photodiode has a built-in electric field that separates the
photogenerated charge carriers and accelerates them to the corresponding electrodes, while no
external field needs to be applied. This is due to the diode structure with a junction formed in
the device that makes these detectors typically faster than photoconductors. Photodiodes
include p-n and p-i-n diodes, metal-semiconductor diodes, also called Schottky diodes, and
metal-semiconductor-metal (MSM) diodes.’% % 74

a hv bhv C hv

w-|p Eelssel  n| w-|p| i | n] w- [M[ semiconductor]

El E. E- ed,, led, E.
ie‘bb/‘ \ E
F

Ev\EF
~_ F

/ d ’ d d

Figure 2.3. Photodiode junctions: schematic illustration, energy band diagrams and electric-

field distributions (from top to bottom). a) p-n junction, b) p-i-n junction, c¢) metal (M) -
semiconductor junction. With valence band (E}), conduction band (E;), Fermi level (Ef),
built-in potential (@;;), Schottky barrier (®sp), electric field (£), length of the device (d) and
the depletion region shown in blue. Incident illumination (hv) for use of the junctions in
photodetection.
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The junctions exploited in a photodiode are schematically shown in Figure 2.3. At a p-n
junction, an abrupt change in dopant concentration is present, switching from acceptor (p-
type) to donor (n-type) impurities. Due to the concentration gradient, free electrons of the n-
type semiconductor diffuse into the p-type semiconductor where they recombine with free
holes, and vice versa. At thermal equilibrium, when the Fermi level is constant across the
junction, there are no more free charge carriers in the junction region and the dopant atoms
are charged, the acceptors negative and the donors positive. This gives rise to a so-called
depletion or space-charge region with an electric field (£) and a built-in potential (@;;). The
width of the space charge region depends on the doping concentrations of the p/n-type regions
and extends the farther into the respective side the lower it is doped (as for the n-side of
Figure 2.3a).3% 3% 56,58, 59, 62, 63, 84,110 Therefore, if an undoped, intrinsic (i) region is embedded
between p- and n-type regions in a p-i-n diode, the depletion region extends over the entire
long intrinsic region, see Figure 2.3b.3!:37: 3% 66. 101 The width of the depletion region is further
modified by an applied voltage. A reverse bias extends the depletion region and enhances the
electric field in the device, as it adds up to the built-in voltage, while a forward bias shortens
it and decreases the electric field.>% %% 84

A rectifying contact between the metal electrode and the semiconductor can be explained by a
built-in Schottky barrier at the metal-semiconductor interface. Figure 2.3c shows the situation
for a metal in contact with a n-type semiconductor. The electron affinity of a semiconductor
(x) 1s typically lower than the work function of a metal (&,,). When brought into contact, free
electrons flow from the n-type semiconductor to the metal until equilibrium is reached (Fermi
levels (Er) lined up). This forms a depletion region with positively charged donor impurities
in the semiconductor. As with a p-(i-)n diode, the dopant concentration and the applied
voltage affect the width of the depletion region. The Schottky barrier height (®sp), resulting

at the metal-semiconductor interface, can be approximated using>% 3> 11

edsp = ed,, — ey (19)

For a p-type semiconductor, a Schottky barrier forms when the work function of the metal is
smaller than the work function of the semiconductor. This behavior contrasts with an ohmic
contact, which occurs when the work function of the metal is smaller (larger) than the work
function of the n-type (p-type) semiconductor. There are no potential barriers at the interface
and electrons (holes) can pass freely from one region to the other. Therefore, ohmic contacts
are used as connections to photodetectors, as already mentioned for photoconductors.>” 63 110
A MSM diode consists of two Schottky diodes which are connected back-to-back, which
always results in one of the diodes being reverse-biased and ensures that the dark current in

the system is very low.!!?

Large deviations from the calculated Schottky barrier height without a correlation to the metal
work function may be encountered, if many interface states with energy levels within the band
gap are present at the semiconductor surface.!'® Due to these surface states, a band bending
results at the semiconductor surface, which, even after contact with the metal electrode,
depends more strongly on the position and amount of surface states than on the work function
of the metal.%® This results in the so-called Fermi level pinning, that emerges energetically at
the position of the highest surface state density.
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The speed of response of a photodiode depends on both the RC time, emerging from
resistance and capacitance of the photodiode and the adjacent circuit, and on the transit time
of the charge carriers, comparable to the situation in a photoconductor.>!: 33 86:92.97. 101, 105 The
RC-limited bandwidth can be determined by Formula (18), in the same way as for a
photoconductor. The transit time might be composed of two different time components, cf.
Figure 2.4.

hv recombination 5\
W= 1 e £l =
5 drift ?' n
ﬂ =
W= [P depletion -2 °
i = [
w £ recombination

Figure 2.4. Drift and diffusion contributions occur in different areas of a photodiode,
exemplarily shown for a p-n diode. Recombination losses arise far away from the junction.

In the depletion region, charge carriers drift due to the built-in electric field and the drift time

(tarife) can be calculated like the transit time in a photoconductor according to Formula (15),

36,85, 114 If the photodiode is transit time-

55,66,92,103, 115

assuming a constant electric field as for p-i-n diodes.
limited, its bandwidth is usually estimated approximately using

0.55 (20a)

f trans = t
trans

This Formula is valid if charge carriers are photogenerated uniformly over the entire depletion
region and if transit times for electrons and holes are the same. For different transit times, if,
e.g., holes take twice as long as electrons (tyqnsn), the bandwidth is reduced to

approximately>> 16

0.34 (20b)

ttrans n

f trans =

With a high absorption coefficient of the semiconductor at the wavelength of the incident
illumination, charge carriers are generated only at the edge of the depletion region. On
average, they take longer to traverse than if they are generated uniformly over the entire
space-charge region. Therefore, the bandwidth is reduced in comparison to Formula (20a)

t052’ 55, 66, 103, 105

_0.44 (20c¢)

trans = t
trans

Outside the depletion region, charge carriers move by much slower diffusion, due to the
concentration gradient of the carriers.’!s 3% 2 97 117 The diffusion coefficient (D;) determines
how long charge carriers need to travel the diffusion length ([):6% 63 66
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1? 21
Laiffi = D.
l

with the slower carrier (i = n,p) limiting the speed of the diffusion contributions. If charge
carriers reach the depletion region before they recombine, which are those generated by less
than one diffusion length away from the depletion region, they drift along the electric field.
Hence, they contribute to the photocurrent and slow down the device as they generate a slow
tail in the photoresponse, reducing the bandwidth accordingly.’® !> Shortening the field-free
region in the photodiode (I in Formula (21)) to lengths smaller than the diffusion length or
increasing the diffusion coefficient by enhancing the carrier mobility (according to D; =

kBT s5. o .
”‘TB)SS 57,62 reduces this limiting component and accelerates the diode.>> '8

A photodiode cannot be further slowed down by gain (under moderate fields, neglecting
avalanche multiplication), as it can happen with photoconductors, since all generated
photocarriers are swept by the built-in electric field towards the electrodes®’ and no
unoccupied doping impurity trap states are available in the depletion region. The gain of

photodiodes is one, at most.>?> Moreover, the charge carrier density is usually low enough to

avoid recombination in the depletion region.”’

Consequently, the rise time of a photodiode is composed of three time components: RC time,

drift time and diffusion time. The slowest component limits the speed of the response, and the

rise time is usually estimated using®* 8% 101 117

(22)
Lrise = \/tgiiff + térift + (2'27:RC)2

The RC time constant is defined by an exponential relaxation process, thus, for its
incorporation into the 10 % — 90 % rise time, a factor of 2.2 must be considered (cf. Chapter
2.1.1, rise time vs response time). For the optimization of high-speed photodiodes, the
diffusion of charge carriers should be avoided by designing the diode in such a way that
charge carriers are generated only in the depletion region. The drift time is reduced by
decreasing the channel length, but, at the same time, this increases the RC time by increasing
the capacitance. Thus, comparable to photoconductors, an overall optimization must be
achieved in the trade-off between drift time and RC time. For a fully depleted PbS QD
photodiode, the trade-off between RC time and transit time on varying the photoactive layer
thickness was demonstrated and the rise time towards square pulse illumination could be
minimized.'!*
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Three modes of operation for photodiodes exist: reverse-biased, also called photoconductive,
open circuit, also called photovoltaic, and short circuit, cf. Figure 2.5. The speed of a
photodiode is influenced due to the different effects of the operation modes towards the three
time components, 3! 52 35 84

For high-speed applications, a photodiode is usually operated in the photoconductive mode
where it is reverse-biased. In this case, the depletion region is enhanced, the junction
capacitance is reduced (cf. Formula (17)), and thus the RC time. At the same time, the drift
velocity is accelerated due to the enhanced field. If the whole diode is depleted, slow diffusion
is avoided and only drift processes and RC time play a role. The load resistor influences the
operation points of the reverse-biased diode according to the load line. Very high reverse bias
causes impact ionization of charge carriers, and gain due to avalanche multiplication occurs,
but this reduces the speed of the diode and is not discussed further in this work. In the
photovoltaic mode, which is typically exploited in solar cells, the generated photocarriers
enhance the photovoltage across the diode with increasing photon flux (@). Usually, the
depletion region does not extend over the entire active area of the photodiode in this mode of
operation, so the diffusion time of charge carriers limits its speed. Under short circuit
conditions, only the photocurrent is present in the system.

a I b reverse-biased:
P n
g [ %{ LIE ! |
“Us — U A
=0 E| Ec
®,>0 \ o l %%
©,>D, . Ug

Figure 2.5. a) Photodiode modes of operation. Photoconductive mode shown in magenta, with
the load line (dotted), photovoltaic mode show in blue, and short circuit shown in green.
Photon flux (@), reverse bias (Ug), load resistance (R;) of load resistor (R). Figure similar to
Saleh and Teich.’! b) Reverse-biased p-n junction.
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Advantages of p-i-n diodes over p-n diodes.

Drift of charge carriers occurs only in areas with an electric field, i.e., in the depletion region.
For p-n diodes, the depletion region is short and the associated electric field peaks directly at
the interface, dropping linearly to both sides, cf. Figure 2.3a. Consequently, the drift velocity
in the depletion region varies with distance and much of the incident illumination is absorbed
outside the depletion region, causing diffusion of charge carriers to limit the speed of the
diode.

For p-i-n diodes, on the contrary, the electric field extends over the large intrinsic region.
Most photocarriers are generated in the extended depletion region, where they experience a
consistently high drift velocity due to the (approximately) constant high field. Depending on
the selected thickness of the intrinsic region compared to the absorption depth of the
illumination 1/a(A1), the slow diffusion contribution of photocarriers in the underlying
material can be avoided altogether. The junction capacitance is smaller with larger depletion
layer thickness, thus the RC time is reduced in p-i-n diodes as well.>! 9% 3339 101 Thege factors
accelerate a p-i-n diode considerably compared to a p-n diode, even though the charge carriers
must travel a larger distance in the enlarged depletion region.

In addition, by matching the i-region to the absorption depth of the incident illumination, the
quantum efficiency of a p-i-n diode is optimized. Generation of charge carriers more than one
diffusion length away from the space charge region, thus, generation of carriers that cannot
contribute to the photocurrent, can be avoided.>?

Advantages of heterostructure p-i-n over homostructure p-i-n diodes.

Photodiodes are usually constructed vertically. This causes part of the incident light being
absorbed in the topmost, field-free, highly doped layer. Since charge carriers in this area slow
down the speed of the photodiode due to diffusion, the top layer is made as thin as possible to
minimize this effect. It must not be too thin, otherwise its sheet resistance (which is inversely
proportional to the sheet thickness), and thus the RC time, will be strongly enhanced.’!> ¥ 11
To reduce the diffusion limitation, the often differing diffusion coefficients of electrons and
holes can be exploited, as for example in GaAs (D,,~207 cm?/s > D,~11 cm?/s)'?°. When
p-doping is chosen as top layer, the faster electron diffusion limits the speed of the device and

slower hole diffusion contribution is avoided.

Diffusion processes can be eliminated completely, however, if a non-absorbing so-called
window layer is selected as the top layer.>> > °> 97 This is utilized in heterostructure diodes
where the high-field depletion region is embedded in a material with larger band gap and the
diode response is accelerated, as for example shown for a AlGaN/GaN diode.'?! However,
energy band offsets occur at the heterointerface that can inhibit charge transport, cf. Figure
2.6.5% 5% 62,105 110 The accumulation of charge carriers at the created barrier of the
heterointerface is called charge pile-up and can lead to slow contributions to a diode response,
as for example with InGaAs/InP!'%% 122123 heterojunctions. This effect must be reduced using
laborious graded junctions.
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Figure 2.6. Energy band diagram of a heterostructure p-n junction with band offsets.

Some semiconductors are unipolar materials that cannot be doped easily both p- and n-type.
This is the case for II-VI compound semiconductors, where, for example, p-type doping of
CdS is difficult to achieve'?*, whereas for ZnTe n-type doping is challenging.'* Therefore,
these materials are more easily integrated into hetero- than homostructure devices.

In addition, a window layer enhances the responsivity, especially for UV/Vis detectors having
high absorption coefficients, since radiation losses due to absorption in the front layer and

recombination losses at surface states are avoided.>! 6692 121

Advantages of Schottky diodes over p-(i-)n diodes.

Another way to circumvent diffusion processes occurring in the highly doped front layer of
p-(i-)n diodes is to utilize a metal / semiconductor junction instead. ! 5% 33 36 86. 103 The
depletion region is located directly at the surface of the semiconductor, which is especially
useful for UV/Vis detection, where high absorption coefficients limit the absorption depth of
photons significantly. Even though thin metal layers are needed for (semi-)transparency, this
does not increase the series resistance of the diode noticeably as the resistances of metals are
low. Moreover, as with heterojunction diodes, Schottky junctions can be used to integrate
unipolar materials into photodiodes, which are difficult to dope both p- and n-type.

In addition to the usual excitation of charge carriers in the semiconductor across the band gap,
cf. Formula (1), a Schottky diode can furthermore be operated in a second mode. In the so-
called internal photoemission lower photon energies are exploited. For e®p < hv < Eg,
electrons are photoexcited in the metal electrode, and those with momentum towards the
semiconductor can overcome the Schottky barrier, generating a photocurrent. This allows
long wavelength detectors to be fabricated without relying on low band gap semiconductors
and is one possibility to measure the Schottky barrier.? 3 36, 126, 127
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Advantages of MSM diodes
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Figure 2.7. a) MSM interdigitated electrode geometry with b) electric field lines, device
shown from the side.

In order to make the coupling of the incident illumination to the photodetector as simple and
efficient as possible, large detector areas are advantageous. For vertical p-(i-)n or Schottky
diodes, this enhances the capacitance, cf. Formula (17), and slows down the detector. An
interdigitated electrode geometry is often employed in MSM diodes, resulting in lateral
geometries, cf. Figure 2.7a. These devices can be integrated easily into existing field-effect
transistor technology and, compared to a p-(i-)n or Schottky diode of comparable size and
quantum efficiency, the capacitance is reduced by about a factor two to five what reduces the

RC time of the device.?® 32 °7- 112 The capacitance can be calculated via!!¢

C=L(N—-1)g(1+ er)—ll({((:,)) (232)

with the electrode finger length (L), the number of electrode fingers (N), and the complete
elliptical integral of first kind (K). With

_ s w (23b)
e = cos E(l_w+g>
RO ey 230

and the width of the electrode fingers (w) and the channel length (g). With increasing channel

length, the capacitance is reduced, but the transit time is enhanced, as for vertical
photodetectors. A minimal finger width reduces the capacitance, but at the same time, the
resistance of nanometer thin electrodes is significantly enhanced compared to bulk values due
to an increase in collisions of charge carriers and the metal boundary.!”® Therefore, to
optimize the speed of response of a MSM detector, an optimal finger spacing, finger number
and finger width for both square and circular device geometries can be determined.?’- 28 76 116
Furthermore, the thickness of the active material deposited on top of the interdigitated
electrodes must be limited to reduce contributions from photocarriers generated far from the
electrodes, having long drift times due to the low electric field deep in the material and the
large drift distances, cf. Figure 2.7b.76:7%- 112

Despite the use of a diode structure, gain can be observed in MSM detectors.’> 7 112 It is

ascribed to trapped charge carriers close to the electrodes, that vary the electrostatic potential
and enhance carrier tunneling into the semiconductor.> %% 12
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2.1.2.3 Phototransistor

If two p-n junctions are connected back-to-back, a bipolar phototransistor results and gain is
obtained, in contrast to a single p-n junction. Two configurations are possible, n-p-n or p-n-p,
and the three regions are named emitter, base, and collector.

Under illumination, photocarriers are generated at the reverse-biased base-collector junction
and produce a primary photocurrent due to the photogenerated electrons being transported
towards the collector electrode in a n-p-n transistor, cf. Figure 2.8a. Both, drift within the
depletion region and diffusion of electrons generated up to a diffusion length away from the
depletion region, take place. Photogenerated holes are blocked at the emitter-base transition
and accumulate in the base, lowering the emitter-base potential barrier. Enhanced injection of
electrons from the emitter into the base occurs and induces the secondary photocurrent,
provided that the electron transit time through the base is shorter than the recombination time.
This can be achieved with a sufficiently thin base region shorter than the diffusion length of
the electrons. Moreover, in case of homojunctions, a high emitter and low base doping
concentration is required, while for heterojunctions, a large band gap difference using a wide
band gap emitter is sufficient.’> ¢ 13 The secondary photocurrent prevails as long as the
holes accumulate in the base. If they leave the base by diffusion or recombination, the
potential barrier increases again and the secondary photocurrent ceases.%

a Emitter Base Collector biased:
ANV WA

n | p n ’—|n7 P nj

E forr o §
EC —/L primary

2\ photocurrent

secondary '_
photocurrent

Figure 2.8. Phototransistor. a) homojunction bipolar transistor, unbiased and under operating
conditions. Red: photogenerated electron, primary photocurrent; blue: photogenerated hole
and hole accumulation induced lowering of the emitter-base potential barrier. Brown:
secondary photocurrent. b) photo-field effect transistor.

The speed of the phototransistor can be determined according to:>% 3> 13

kgT 24
Tzﬁo(i(CE+Cc)+RLCc+TB> @4)

The first two terms describe the charging times of the emitter-base and collector-base
junctions with their corresponding capacitances (emitter-base junction capacitance (Cr) and
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the collector-base junction capacitance (C.)), the load resistance of the adjacent circuit (R;)
and the current gain (f,). Usually, this is the limiting factor for a phototransistor. As it can be
seen, the response time depends on the emitter current (Ig), and by that, on the power of the
incident illumination. The higher the current under illumination, the faster the transistor. The
second contribution to the speed of the phototransistor is the time constant of the minority
carrier transit through the base (75). For many conventional semiconductors (like Ge, Si,
GaN, GaAs, InP, ...), electrons have higher mobilities than holes®’, hence, the n-p-n
configuration with the current being conducted by electrons in the base is faster than the p-n-p
configuration, which is limited by slow hole transport.'3!

A second device geometry is often referred to as a phototransistor and is shown in Figure
2.8b. The photoactive material is provided with source and drain electrodes and is deposited
on a thin insulating layer on top of a third electrode, the gate electrode. The semiconductor in
the channel is therefore controlled not only by the incident light but also electronically by the
gate. 17> 20 21. 23, 96, 111, 132-137 1¢ g therefore comparable to a photoconductor or a MSM
photodiode (depending on the contact of the semiconductor with the electrodes) but with an
additional electronic possibility to tune the active material.

2.1.3 Measurement Techniques

Commonly used test signals for (opto-)electronic devices are a delta function (impulse
response), a Heaviside step function (square pulse response) and a sinusoidal function. In this
work, the first two optical excitations are used and are shortly introduced in this Chapter.

2.1.3.1 Response towards Impulse Illumination

The transient photocurrent response caused by impulse illumination usually shows an initial
exponential decay. This is attributed to charge carrier recombination and initial trapping.'3® A
slower decay follows which obeys a power law behavior®> 1¥*1% depicted in Figure 2.9a.
Sometimes a kink can be observed in the slow tail when the log-log plot is presented.'4>-147
The slow power law tail can be attributed to a large number of trap states present in highly
disordered crystals or amorphous solids and is explained within the multiple trapping and
release model., '3 146, 148-152



2.1 Photodetection 25

N multiple trapping
' A A and release A
I D(E) Do(E)
W (\ Ec ¢ =5 . Tocr
W IW. .

@

(KRN

impulse [A]

Ey

-

time [s‘]

Figure 2.9. a) Impulse photocurrent with an initial exponential decay ( e_g), followed by
slow power law behavior (t™). b) Multiple trapping and release model for electron
conduction (b1) with the schematic of the carrier distribution and the evaluation of the
thermalization energy (b). Adapted from Adhikari et al.'*® with the permission of AIP
Publishing, 2018, and modified. Valence band (E}), conduction band (E;), density of states
D(E), occupation density (D,..(E)), thermalization energy (E., (t) with t, > t;).

Charge carriers are transported in the corresponding band by an electric field but can be
trapped quickly in localized states within the band gap, where they are immobile and cannot
contribute to the photocurrent, cf. Figure 2.9b; for electron conduction. Assuming that all trap
states have the same capture cross section, initially, all traps are occupied uniformly. At a
time delay (t;) after the trapping time, there are two groups of states. Charge carriers from
shallow trap states are reexcited into the band by kgT, thus, those trap states are occupied
according to a Boltzmann distribution and are thermalized. Carriers in deep trap states have
not yet been excited thermally but are constantly occupied at the time delay (t;). From the
band, mobile charge carriers can then be recaptured and since this is again equally likely to be
distributed across all trap states, the deep trap states become occupied more and more over
time (delay t, > t;). The occupation density of the localized states in the band gap can be
calculated via the product of the density of trap states and the time-dependent mean
occupation number. With an exponentially decreasing density of trap states into the band gap,
a charge carrier package results and the maximum occupation density is at the time-dependent
demarcation energy (E;(t)). It separates thermalized and non-thermalized carriers and the
thermalization energy (E;(t), for electron trap states: Ey, (t) = E; — E4(t), cf. Figure 2.9b,)
increases with time according to'#% 131

E;(t) = kgTin(vt) (25)

with the attempt-to-escape frequency (v). Therefore, the package moves deeper into the gap
with time. This stops when steady state is reached, where the mean occupation density
follows the Fermi distribution and the occupation density of the deep levels reaches one, thus,
the carrier package cannot move lower in energy.'* 152
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For an exponentially decreasing density of trap states into the band gap, the photocurrent
decreases due to the incremental filling of deep trap states according to!4>: 146 149-131, 153

Ippoto < ™1 (262)
o= el (26b)
Ey

with the energy (Ey) describing the exponential trap distribution. An exponential decrease of
the absorption coefficient below the band gap energy has already been found in many
semiconductors with both indirect!>* and direct'* band gap and is usually attributed to such a
decreasing density of states extending into the band gap.'** '*¢ The corresponding energy, the
measure of the width of the absorption edge, is named Urbach energy (Ey).

On longer timescales, when the photogenerated charge carriers transit the entire channel
length of the photodetectors and are extracted at an blocking electrode (i.e., without
replenishment of an additional charge carrier into the device by the other electrode), a kink in
photocurrent is visible as the power law behavior changes towards !4 149 159

IPhoto X t_l_a (27)

This formula also applies if, instead of carrier transit, monomolecular recombination takes
place.!#% 1% Monomolecular recombination occurs when the amount of initially generated
charge carriers is small compared to the number of trap states (e.g., electron trap states), so
that only a small amount of free minority carriers (electrons) is available for recombination
and limits it. Thus, the trapped charge carrier package moves deeper into the band gap due to
multiple trapping and release, cf. Formula (26), until the carriers are either removed by the
electrode (tirqns) or recombine (tjifemono)> ¢f. Formula (27) (and before steady state is

reached).

If, on the other hand, the amount of initially generated charge carriers is high in comparison to
the number of trap states, then both carrier types are equally available and influence the
recombination. This is called bimolecular recombination and, as soon as it starts, the
photocurrent follows'#’

IPhoto ot (28)

until the charge carrier concentration is strongly reduced and the course of the photocurrent
changes to the monomolecular case according to Formula (27).

2.1.3.2 Response towards Square Pulse Illumination

The square pulse photoresponse is often used to verify that the investigated photodetector
offers a fast, repeatable, and long-time stable switching behavior.? 3% 38 44 157-163 Rige and fall
times are extracted from the measurements!® 44 100. 114158, 159,164 o the data is fitted with an
exponential function to evaluate the response time!%7- 137 160: 165 or with a multiple exponential
decay if fast and slow components are present.”6: 4% 45 102 163, 166 1f pergistent
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photoconductivity is observed, a stretched exponential relation is displayed but the physical
significance of the stretching exponent is still unclear.'®’

Square pulse illumination is regularly used to investigate if variations in the photodetector
fabrication speed them up, especially with regard to a tuning of the active material'3-! 107- 164
165, 168, 169 byt also with regard to the choice of metal electrodes®® ?* 26 or the device
geometry'!'*. Based on the measured rise / response times, possible limitations concerning the
speed of response of the photodetectors are discussed since the slowest time constant present
in the device can be detected. A missing voltage dependence of the response time indicates
that the detector is not limited by the carrier transit time.'®® On the other hand, if the transit
time strongly affects the rise time, this can be detected by the consistency of the measured rise
time with the theoretically expected transit time and slow components present in the speed of
response are ascribed to carrier diffusion.!'® Furthermore, by comparing the response time
with the estimated RC time, an RC limitation can be detected.!”® The trade-off between transit
time and RC time was investigated with a thickness variation of the active material of a
photodetector and an optimized thickness was established.!'*



28 2 Photodetection with Functional Nanomaterials

2.2 Nanostructured Materials

2.2.1 3D - 2D - 1D — 0D Materials

In the bulk, charge carriers can move freely in all dimensions, assuming a free electron gas.
Quantum confinement occurs when charge carriers are constricted in space, that is, when the
size of the matter is limited in at least one dimension to lengths less than the Bohr exciton
radius'”!, cf. Formula (3). If confined in one dimension, a charge carrier can be described in
this dimension as a particle in a 1D box with length (L), where the potential is zero inside the
box and infinite otherwise.®! > Solving the 1D Schrddinger equation'!”
2 32
mdy 9

2m dx?
of a particle in a box in the direction (x), with the reduced Planck’s constant (%), the mass of
the particle (m), and wave function (), gives the energy levels (E)$! 172
_ h?n? (30)
~ 8ml?

with the principal quantum number (n). The number of energy levels (dN(E)) per energy
interval (dE) gives the density of states (D (E)):

dN(E) €2))
dE

With varying degrees of freedom for the carriers, the densities of states differ. Assuming unit
length of the confined box, the energy dependence of the density of states is given according

D(E) =

to:3% 61, 110,172
v =) (322)

e % (32b)

DHE) = % me (32¢)

for a 3D bulk system (D3(E)), for a 2D system (D?(E)) named quantum well, for a 1D
system (D*(E)) named quantum wire, and for a 0D system (D°(E)) named quantum dot. This
is shown in Figure 2.10.
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Figure 2.10. Effects of confinement. Structure and density of states for bulk material (3D),
quantum well (2D), quantum wire (1D) and quantum dot (0D). Adapted with permission from
Saleh and Teich®® and modified. Copyright 1991, John Wiley & Sons, Inc.

2.2.2 CdSe Quantum Dots

The solution processed synthesis of semiconducting CdSe QDs is well studied and optimized
and a narrow size distribution can be achieved.!”>'”> The ligands used in the synthesis of QDs
are usually insulating long-chain organic molecules that stabilize the particles colloidally. In
order to obtain conductive CdSe QD films for use in optoelectronic devices, these ligands
must be exchanged either for short ones, varying the tunnel barrier width®® 192175177 or by
ones where an energy level alignment of ligand and QD leads to coupled nanostructures,
varying the tunnel barrier height'’®'8! By tuning the ligand shell, high charge carrier
mobilities in the QD films can be achieved.'®> 33 Since film fabrication from solution does
not rely on epitaxial growth, QDs can be deposited on all kinds of substrate materials.
Furthermore, QDs feature high extinction coefficients!®* making them ideal candidates for

optoelectronic devices.”: 182 183

The band gap of QDs is tunable by their size, with an increasing gap with decreasing particle
diameter (cf. particle in a box, Formula (30)).!36-138 Bulk CdSe has a band gap of 1.74 eV'¥,
which increases to approx. 3.3 eV for 2 nm sized CdSe QD.!®” The exact energetic positions
of the energy levels of a QD are influenced by the ligand shell.'*”'*° Moreover, the ligands
have a major impact on trap states at the QD interface'> '°® due to surface passivation of
dangling bonds. Thus, they influence the photoluminescence of QDs.!8% 11194 While CdSe
QDs are susceptible to surface oxidation and degradation'*®, surface ligands can enhance their
photostability.!%
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All these aspects offer a wide tunability of one and the same QD material for use in
photodetectors. The QDs are adjustable for specific absorption requirements and band tuning
can optimize the energy level alignment with the detector electrodes. For wurtzite CdSe QDs
capped with iodide and interlinked with zinc B-tetraaminophthalocyanine (Zn4APc), the
absorption of a thin film reaches into the first telecommunication window, cf. Figure 2.11
depicted in orange. This can be explained by an excitation of Zn4APc with subsequent carrier
separation and transfer towards the QDs.!” Thus, this material is applicable for both visible
light communication and telecommunication and will be investigated in detail in this work.

(a) — CdSe (HDA/OA)
— CdSe (I-)
CdSe (Znd4APc)
— 7nd4APc

Absorption / a.u.

400 600 800 1000
Wavelength / nm
Figure 2.11. Absorption spectra of thin films of CdSe QDs with different ligands, deposited
on glass. CdSe QDs with native ligand shell depicted in red, after ligand exchange with iodide
given in blue, cross-linked with Zn4APc depicted in orange. Reprinted with permission from
Kumar et al.'”” Copyright 2019, American Chemical Society.

223 WSe:

Transition metal dichalcogenides MX>, M = metal, X= chalcogen, are layered materials of the
monolayer units X — M — X, where weak van der Waals interactions between the layers allow
for scotch tape exfoliation of thin flakes from bulk crystals and an easy application on any
substrate is achievable using viscoelastic stamps.'?®2% Their high mechanical stability?°!> 292
renders TMDCs optimal materials for applications on flexible substrates.

203, 204 and when

The electronic properties of TMDCs range from metallic to semiconducting
exploited in electronic devices, semiconducting TMDCs, like WSe:, offer high charge carrier
mobilities and high on / off ratios in field-effect transistors.?* 20520 Moreover, TMDCs offer
a tunable, layer dependent band gap in the visible range with a gradual shift from an indirect
to a larger, direct gap in the monolayer.?**2!2 The band gap of a WSe> monolayer on Si/SiOa
V206,211, 213215 and for the bulk crystal, values of approx. 0.9 eV?!3216 to

are reported in literature. The band gap can further be influenced by

arises to approx. 1.6 e
1.2 e206, 211, 214, 215, 217
strain, intercalation and alloying.20% 2%% 216. 218 The transport property of WSe; is tunable by
the layer thickness and n-type conductance is usually observed for thick bulk-like crystals,
which changes via ambipolar to p-type conductivity for thin flakes.?* 213-21% This can further

be modified by external factors like the choice and fabrication of metal electrodes or surface
doping,206-208,213,220,221
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Both optical and electrical properties of TMDCs are influenced by excitons, biexcitons and
charged excitons, so-called trions (two electrons and one hole or one electron and two holes),
which are stable at room temperature due to excitonic binding energies larger than kgT =
25.7 meV. 6% 216. 222224 [y the bulk, the exciton binding energy arises to approx. 60 meV.??% 223
Interactions between charges in a semiconducting thin film increase when the film thickness
decreases and become significant if the distance between charges is equal to, or larger than
the film thickness.% This leads to a pronounced increase of the exciton binding energy?2® 22’
for thinner layers, which is visible for a WSe> monolayer on top of Si/SiO> having an exciton
binding energy of 0.79 eV.** The corresponding trion binding energy is approx. 30 meV??
and is reported to be similar for both positive and negative trions>%%, or larger for the negative
trion.??>> 2% The binding energy of biexcitons in monolayer WSe, on top of Si/SiO: is
measured to be 52 meV.?** The lifetime of trions is larger than for excitons and is further

enhanced when going from the monolayer to multilayers.?*!

This large tunability makes TMDCs an attractive class of materials for application in
optoelectronic devices. WSe, flakes are investigated in this work as absorber in
photodetectors using different substrate materials.
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2.3 Dielectric Effects

With solution-processability and exfoliation procedures, the method of epitaxial growth can
be avoided for the preparation of both CdSe QD and WSe:> photodetectors. Many different
substrates can be used in their development, which differ significantly in their dielectric
properties. An electric field displaces permanent dipoles and causes induced dipoles, with the
dielectric constant as a measure of the polarizability of matter. The dielectric constant
connects the electric displacement field (D) and the electric field (£) via!'® 172

D =&+ P = ¢gy&,.E (33)

with the polarization (P), the vacuum permittivity (&) and the relative permittivity or
dielectric constant (&,.). Due to the polarization of matter, the electric field of a charge is
screened by 1/¢, compared to the electric field in vacuum. Thus, the dielectric constant
affects the interaction between charge carriers and therefore the optoelectronic properties of a
material.

To the best of my knowledge, no detailed study exists that investigates the influence of the
dielectric constant of the substrate on the speed of response of a photodetector. Nevertheless,
many effects of the surrounding dielectric on both QDs and layered TMDCs are known, and a
brief impression is provided in this Chapter.

2.3.1 On Quantum Dots

An enhanced dielectric constant of the environment increases the excitonic ground state
energy of QDs*** 233 and influences the photoluminescence of the material and its
dynamics.?**23¢ Moreover, the chosen substrate has an impact on the photostability of CdSe
QDs due to a possible charge separation and transfer after the excitation.’ In the specific
application of QDs as active material in photodetectors, their characteristics are
fundamentally determined by the charge carrier flow through the particle film. Charge
transport depends on three factors: the charging energy (E¢), the transfer integral (), and the
energetic disorder (Aa).”> 171-177. 181, 238-241 The charging energy is the energy it takes to add an
electron onto an electrically neutral QD, the transfer integral describes the tunneling of charge
carriers when QDs are in close proximity and their wave functions overlap and the energetic
disorder is induced by variations of the QDs in size, shape and composition, leading to a
dispersion of energy levels. The interplay of these three parameters decides whether an
insulating or conducting structure is present. A large charging energy and a large energetic
disorder inhibit carrier transport, while it is supported by a large transfer integral.

The dielectric constant influences the charging energy substantially. Not only the static
dielectric constant of the QD (gqp) but also of its surrounding (&)) have to be considered and
the charging energy can be calculated according to the Laikhtman-Wolf model: '8! 241242

e? (34a)

E,=—
€7 2(Cs +nCyy)



2.3 Dielectric Effects 33

via the self-capacitance (Cs) of the QD?** and the mutual capacitance (Cy;) of a QD and its (n)

nearest neighbors:!77- 240241
1 1 <£QD —ém 0.94(gqp — gM)> (34b)
CS 4‘7T£0r gQDgM gQD(gQD + gM)
€QDE 2r+d 14
Cy ~ 2megr —2 M -ln( ) (34c)
€op ~ &M d

with the QD radius () and the inter-particle distance (d).

The charging energy is reduced for an increasing dielectric constant of the environment.?4- 244
This is calculated, e.g., for PbSe QDs of different sizes, with the largest variations in charging
energy occurring for dielectric constants of the surrounding material smaller than ten, see
Figure 2.12.2%
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Figure 2.12. Effect of the dielectric constant of the surrounding environment (&,,4¢i,) On the
charging energy of quantum dots. Reprinted with permission from Scheele et al.>** Copyright
2013, American Chemical Society.

The charging energy affects the transfer integral, which is consequently influenced by the
dielectric constant of the environment as well. The transfer integral can be gauged according

181,238
E, 2m°AE (35)

-2 A

B = 2E,e kBTe R

with the activation energy (E,) containing both the charging energy and the energetic
disorder!8!: 238 244 yysing the tunnel barrier height (AE) and width (Ax), and the charge carrier
effective mass (m”).

to
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In summary, charge transport in a QD film depends significantly on the dielectric constant of
the medium surrounding the QDs. My hypothesis is that not only the ligands exert a strong
impact on the QD film, but also the substrate on which the QDs are deposited. It can be
assumed that the QDs directly attached to the substrate are most strongly affected. I expect
that the influence of the substrate can alter the performance of a photodetector. Therefore, in
this work, I examine identical CdSe QD based thin films on different substrates using bottom-
contact electrodes and focus on the speed of response of these photodetectors.

2.3.2 On Transition Metal Dichalcogenides

On top of Si/SiO; substrates, the charge carrier mobilities in thin TMDC flakes are quite
low.? 245- 246 They can be improved by using high-k-dielectrics, that reduce the scattering of
free charge carriers from ionized impurities (Coulomb scattering),!®> 207- 212: 247, 248 an{ also
diffusion constants are affected.>*’ The dielectric environment furthermore tunes the band gap
of TMDCs, with a decreasing gap for high dielectric constants.??”23% 23! This can be exploited
to build a heterojunction within a homogeneous TMDC monolayer if two different substrates

are utilized in one device.?>" 22

In addition, the excitonic properties of TMDCs are strongly affected by the surrounding
dielectric constant. An increased dielectric constant enhances the lifetime of both trions and
excitons and decreases their ratio (trions/excitons), as shown for a MoS; monolayer
influenced by different nonionic organic solvents.?>> This ratio depends on the optical power
of the laser.?>* In monolayers, excitons are frequently described by the distance-dependent

electrostatic potential (V (1)) between two charges, originally given by Keldysh:63 228, 235-257

V) =5 ge:ro [Ho (’;_:) —y, (’;_: )] (36a)
=2 ;’ i (36b)

with the characteristic screening length (ry = 2my), related to the 2D polarizability of the
monolayer material (), and the Struve function (H,) and Bessel function (Y;) of second kind.
The influence of the dielectric environment is included by the average dielectric constant of
the surrounding material (x), which is calculated via the dielectric constants of both the top
and the bottom layer around the monolayer (&, &), respectively. This formula is valid for k <
&rrmpc- With that, the exciton binding energy (Ep) was calculated to depend on the dielectric

constant of the surrounding dielectrics according to??% 2332
B — K

with the empirical scaling factor @ ~ 0.7 — 0.95.22% 2% 255 The trion binding energy scales
similarly but with a smaller scaling factor.>* Thus, both exciton and trion binding energies
decrease for increasing dielectric constant of the surrounding.??” 2% 5% This is also reflected
in an enlarged exciton radius.?*® Interactions between charges in a semiconducting thin film
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increase when the film thickness decreases®’, therefore, these effects are often investigated for
TMDC monolayer systems.

Due to the strong influences that dielectrics have on the optoelectronic properties of TMDCs,
I assume that photodetectors based on these materials also exhibit significant variations
depending on the dielectric environment like the substrate material. Therefore, in this work, I
study WSe; flakes on different substrates using bottom-contact electrodes and I check for
variations in their speed of photoresponse.
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3.1 Time-Resolved Photocurrent Measurements

Optoelectronic investigations were performed at room temperature in a Lake Shore
Cryotronics CRX-6.5K probe station and measurements were taken under vacuum, nitrogen,
or atmosphere. The photodetector electrodes were contacted using 50 Q impedance matched
tungsten probes (Lake Shore Cryotronics ZN5OR DC/RF) and coaxial RF cables (RG 58 ALL)
chosen as short as possible. In case of the homebuilt photodetectors, the photoresponse was
preamplified by a FEMTO DHPCA-100 current amplifier, converting the current signal into
an amplified voltage (transimpedance amplifier). This signal was measured by a Zurich
Instruments UHFLI lock-in amplifier with 1 MQ input impedance. Using the Periodic
Waveform Analyzer Function, signals were typically averaged over 2G samples, and a bias
was applied to the photodetectors using the auxiliary output of the lock-in amplifier (max.
+10 V). For examination of the commercial photodetectors, the preamplifier was removed
due to very high photocurrents and an input impedance of the lock-in amplifier of 50 Q was
chosen. All signals were background corrected. The time resolution of the setup is restricted
by the lock-in amplifier to 600 MHz, i.e., to about 1.7 ns. The schematic of the setup is shown
in Figure 3.1a. The UHFLI amplifier was implemented into the setup with the specialist
advice of Claudius Riek (Application Scientist at Zurich Instruments).

Two measurement techniques were established for the time-resolved examination of
photodetectors, cf. Figures 3.1b and 3.1c: Steady state measurements using square pulse
illumination and non-steady state measurements using impulse illumination. Square pulse
illumination was performed using a PicoQuant FSL500 fast switchable laser driver with a
laser rise time of < 0.5 ns together with a 635 nm (1.95 eV) laser diode with an output power
of 4mW / 12 mW. Repetition rates of > 3 MHz can be triggered internally, all slower
repetition rates used were triggered externally with a Hewlett Packard 331204 arbitrary
waveform generator. Impulse illumination was executed using a PicoQuant Taiko PDL M1
picosecond pulsed laser driver together with 636 nm (1.95 eV) and 779 nm (1.59 eV) laser
diodes with a full width half maximum of the pulse of < 0.5 ns. For the examination of
commercial photodetectors, repetition rates of 3 MHz and 20 kHz were selected with average
output powers of < 80 uW and 249 nW, respectively. For the homebuilt photodetectors,
repetition rates of 100 kHz and 1 MHz were chosen with average output powers of 22 pW
and 220 pW, respectively. The given output laser powers were attenuated because of
inefficient coupling into the optical fibers, scattering, decollimation of the beam, etc. The
laser spot is not focused to illuminate the whole electrode area and to prevent heating and
damage of the detectors. The bandwidths of the photodetectors are determined via the power
spectrum, by fast Fourier transformation FFT of the impulse response according to Formula

.

I performed the time-resolved photocurrent investigations shown in this work by myself, with
some of the studies of the CdSe/I'/Zn4APc detectors on glass performed in close collaboration
with Fabian Straul3.
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Figure 3.1. Schematic of the time-resolved photocurrent investigations. a) Setup with the
established b) square pulse and c¢) impulse illumination technique.

3.2 Conductivity Measurements

Electrical measurements were executed in a Lake Shore Cryotronics CRX-6.5K probe station
at room temperature using a Keithley 2634B System Source Meter. The device electrodes were
contacted with tungsten two-point probes.

3.3 Impedance Spectroscopy

Impedance Spectroscopy was performed using a CH Instruments Electrochemical
Analyzer / Workstation Model 760F with the specialist advice of Dr. Alexandru Oprea and
Kai Wurst. The device electrodes were contacted using tungsten two-point probes. One was
connected to the working electrode of the potentiostat and the other to both, reference
electrode and counter electrode of the potentiostat. Typical measurements were performed in
the frequency range from 10° Hz to 10~! Hz (1073 Hz). There was no constant bias applied,
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and the measurement amplitude was set to 500 mV, resulting in powers P < 0.5 uW and
preventing the sample from heating during measurement. Automatic sensitivity scale setting
was chosen, and 12 points / decade frequency were measured with 1 cycle per decade. Fourier
transformation (FT) measurement mode was used for frequencies above 100 Hz and switched
automatically to single frequency mode for lower frequencies.

The equivalent circuit of our detectors was assumed to be a parallel circuit of constant phase
element (Y, n) and resistor (R), similar to Livache et al.'** The spectra were fitted using the

impedance package for python®® and the effective capacitance was calculated using C, fF=

1
(YO . Rl—‘n);.259

34 Atomic Force Microscopy

Atomic force microscopy (AFM) images were taken with a Bruker MultiMode 8-HR in
contact mode, with some of the measurements being performed by Pia Kohlschreiber.

3.5 Scanning Electron Microscopy

Scanning electron micrographs were taken using a HITACHI model SU8030 by Elke Nadler
and Dr. Andre Maier and using a Philips FEI XL-30 (with XENOS pattern generator for
electron beam lithography) by Fabian Straul3.

3.6 Photodetectors
3.6.1 Commercial Photodetectors

Commercially available photodiodes and phototransistors were investigated to verify the
time-resolved measurement setup. BPW 34?°° and SFH 203 P?! photodiodes and
BPX 81-32%2 phototransistor by Osram Opto Semiconductors and SDP8406%% phototransistor
by Honeywell were used. They are shown in Figure 3.2.

Figure 3.2. Commercial photodetectors investigated. Photodiodes on the left, phototransistors
on the right.
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3.6.2 Substrates Used

Cf. Chapter 5.1. Commercially available bottom-gate bottom-contact Si-FET substrates (n-
doped silicon, n = 3 - 1017 cm™3) with 230 nm or 770 nm thermal oxide and interdigitated
electrodes (10 nm ITO /30 nm Au, 20 um finger width) of varying channel length (2.5 um,
5um, 10 pm, 20 pm) and 10 mm channel width of the Fraunhofer Institute for Photonic
Microsystems, Dresden, Germany were investigated.

Used in CdSe/I/Zn4APc thin film studies, cf. Chapter 6. Interdigitated electrodes (3 nm
Ti/20 nm Au, 20 um finger width) with various channel lengths (2.5 um, 5 um, 10 pm,
20 um) and 10 mm channel width were photolithographically prepared on glass (Duran
Wheaton Kimble; 76x26 mm; soda-lime glass), coated with hexamethyldisilazane (HMDS),
and on 0.125 mm polyimide foil (DuPont™ Kapton® HN) by Dr. Andre Maier and Fabian
Strau3. Furthermore, interdigitated electrodes (4 nm Ti/ 20 nm Au, 85 nm finger width) of
350 nm, 500 nm channel length and 10 mm channel width were prepared using electron beam
lithography by Fabian Strauf3. Details of the preparation procedures are described elsewhere.*’
Characterization of the substrates is given in Figure 3.3.

Figure 3.3. Substrates used. a) Light microscope image of 2.5 um x 10 mm electrode
geometry, example on polyimide foil. Characterization of the 2.5 um gap electrodes on b)
polyimide and c) glass, using AFM. d) Light microscope image of a 350 nm x 10 mm
electrode on glass with the characterization of the gap by ) SEM measurements. Adapted
with permission from Schedel et al.*” and modified. Copyright 2021, American Chemical
Society.

Used in WSe: photodetector examinations, cf. Chapter 7. Gold electrodes (2 nm Ti/ 8§ nm
Au, 10 pm finger width) with 2.5 um, 5 um channel length and 80 um channel width were
photolithographically prepared on glass (Duran Wheaton Kimble; 76x26 mm; soda-lime
glass), coated with HMDS, and on 0.125 mm polyimide foil (DuPont™ Kapton® HN) by
Fabian StrauB, as described elsewhere.’® Characterization of the substrates is given in Figure
3.4.
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Figure 3.4. a) Light microscope image of 2.5 pm, 5 um x 80 pm electrode geometry on glass
with the characterization of the electrode gaps on b) glass and c) polyimide using AFM.

3.6.3 CdSe/I'/Zn4APc Thin Film Preparation

CdSe QDs used were synthesized by Patrick Tim Michel following a procedure of Sayevich
et al'” and described elsewhere.* A size of 4.5 + 0.4 nm was achieved, cf. Figure 3.5.
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Figure 3.5. CdSe QDs used. a) SEM image with size distribution of the quantum dots of
4.5 + 0.4 nm, b) UV/Vis spectrum of the quantum dots with native ligand shell in hexane,
indicating 5.3 nm sized particles according to Yu et al.!®* Adapted with permission from
Schedel et al.* and modified. Copyright 2021, American Chemical Society.

A typical film preparation procedure was developed by Dr. Krishan Kumar and performed
under nitrogen atmosphere as described elsewhere.'®” In short, 45 pL of a 88 uM solution of
4.5 nm sized CdSe/I' QDs in N-methylformamide and ~ 65 pL of a saturated solution of zinc
B-tetraaminophthalocyanine (Zn4APc) in dimethylsulfoxide were deposited on a substrate. A
CdSe/lI'/Zn4APc film formed over-night and remaining solvent was spun-off the substrate
(10 rps for 60 s, then 30 rps for 30 s, finally 70 rps for 20 s). The film was washed with
acetonitrile to remove unbound Zn4APc and annealed at 190°C for 30 min. Using a home-
built transfer arm, cf. Figure 3.6, the films were transferred into the probe station under
nitrogen and the devices were investigated under vacuum.
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Figure 3.6. Home-built transfer arm, developed with the specialist advice of Hilmar Adler.
a) Complete transfer arm, b) view into the air-tight transfer chamber with the home-built
sample holder. c-f) Sequence of sample dropping from the sample holder: The sample lies
upside down on the frame of the sample holder. By rotating the magnetic transfer arm, the
sample is ejected from the sample holder with the top side up.

Exemplary light microscope images of the CdSe/I'/Zn4APc films are shown in Figure 3.7,
revealing thin and thick regions. The film morphology is comparable on both substrates, as
characterized by AFM and profilometer measurements (the latter taken by Fabian StrauB3).
The thin areas of the film have a surface roughness of 149 + 13 nm and 306 + 24 nm on
polyimide and glass, respectively. The cracks in the thick areas reveal a maximum thickness
of the films of approx. 3.5 pm.
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Figure 3.7. CdSe/I/Zn4APc film on polyimide (a, b, d, e, g) and glass (c, f, h). a) Light
microscope image of a typical ’thin” area of the film, exemplarily shown for a 5 um channel
length device prepared on polyimide, with AFM characterization of these areas on top of
b) polyimide (root mean square roughness of 149 + 13 nm) and c) glass (root mean square
roughness of 306 + 24 nm). d) Light microscope image of a typical thick area with cracks,
exemplarily shown for a 10 um channel length device on top of polyimide, with AFM
characterization of these thick areas deposited on e) polyimide and f) glass. Profilometer
measurements of the CdSe/I/Zn4APc film on g) polyimide and h) glass. Adapted with
permission from Schedel et al.*” and modified. Copyright 2021, American Chemical Society.
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3.6.4 WSe: Exfoliation and Stamping Procedure

WSe, flakes were mechanically exfoliated from a WSe> crystal (2Dsemiconductors Inc.,
USA) using scotch tape (Scotch Magic™ Tape), adopting the procedure of Castellanos-
Gomez et al.'”® The procedure is shown in Figure 3.8. Under ambient conditions, flakes were
exfoliated from the WSe; crystal and transferred to a polydimethylsiloxane (PDMS) stamp
(PF Gel Film®, Teltec GmbH). Flakes were selected using an optical microscope and excess
flakes were removed by cutting the PDMS stamp with a scalpel. The flake to be examined
was transferred to the chosen substrate by bringing the PDMS stamp in contact with the
substrate and then slowly pulling it off, using the micromanipulator screws of the light
microscope setup. The light microscope setup for TMDC exfoliation and stamping was built
by Olympia Geladari.

The thickness of the exfoliated flakes was investigated via AFM, cf. Figure 3.9. The light
micrographs of the WSe: flakes on top of the electrodes and their corresponding AFM
images, including their height profiles, are shown in Figure 3.9. The flakes on glass have a
thickness of approx. 30 — 50 nm, and on polyimide, both a 50 nm thick flake and significantly
thicker flakes of 120 — 200 nm have been investigated.

Figure 3.8. WSe» exfoliation and stamping procedure. Adapted with permission from Schedel
et al.’® and modified. Copyright 2022, the Royal Society of Chemistry (PCCP Owner
Societies).
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Figure 3.9. Light microscope and AFM images of the investigated WSe: flakes on (a, b) glass
and (c-e) polyimide. White boxes indicate corresponding AFM cutouts, white lines display
the position of the line cuts for height profile measurements. Adapted with permission from
Schedel et al.>® and modified. Copyright 2022, the Royal Society of Chemistry (PCCP Owner
Societies).
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In this Chapter, the two commercial silicon p-i-n photodiodes BPW 34 and SFH 203 P and
the two commercial silicon n-p-n phototransistors SDP8406 and BPX 81-3 are examined
regarding their speed of response to verify the functionality of the established setup for time-
resolved photocurrent measurements. The photodetector rise and fall times (10 % — 90 %)
towards square pulse illumination are given in the respective data sheets and are compared to
the photoresponses measured. Besides square pulse illumination reaching steady state
photocurrent, impulse illumination, hence, the non-steady state condition, is investigated.

4.1 Confirmation of Rise Times

The investigated photodiodes (BPW 34, SFH 203 P) are specified in the data sheets with rise
times of a few nanoseconds and the phototransistors (SDP8406, BPW 81-3), the slower
devices, with rise times of a few microseconds. In Table 4.1, the rise times given in the data
sheets are listed together with the parameters required to achieve these values. In addition, the
parameters I used for the measurements are given. They partly show deviations from the ones
used for the specification of the detectors in the data sheet, so I gauged the expected rise times
according to them.

Table 4.1. Specifications of the investigated photodetectors.

photodetector rise time parameters parameters rise time
data sheet data sheet applied expected
BPW 34 260 20 ns U=5V U=5V 20 ns
R, =50Q R, =50Q
SFH 203 P 261 Sns U=20V U=10V >5ns
R, =50Q R, =50Q
SDP8406 263 ~2.8 us U=5V U=5V <2.8us
R, =50Q R, =50Q
I =1 mA Iz = 5.4 mA
BPX 81-3 262 6 us U=5V U=5V <6us
R, = 1KkQ R, =500
Iz = 1mA Iz = 0.6 mA

The diode BPW 34 could be examined under the conditions given in the data sheet, therefore,
the 20 ns rise time of the data sheet is expected to be measurable with the setup. The
developed setup is limited to a maximum applicable bias of 10 V, thus, the SFH 203 P diode
could not be tested under 20 V reverse bias (U) and a slightly slower response than 5 ns is
expected for 10 V bias applied. For both phototransistors, the current under illumination (Ig)
could not be set exactly to 1 mA what gives rise to minor deviations from the values given in
the data sheets. Due to the higher current, SDP8406 is expected to be faster than 2.8 ps,
whereas a slowdown is to be expected for the BPX 81-3 transistor, cf. Formula (24).
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However, BPX 81-3 is also measured under significantly reduced load resistance (R; ), which
in turn suggests a considerable acceleration of the device according to Formula (18).
Therefore, I expect a rise time faster than 6 ps.

The normalized photoresponses of both photodiodes and phototransistors towards 635 nm
square pulse illumination and 636 nm impulse illumination are shown in Figure 4.1. A 3 MHz
laser repetition rate (using 100 ns pulse width for square pulse illumination) was chosen for
the examination of the photodiodes since the expected rise times are a few nanoseconds.
Phototransistors with their microsecond responses were investigated under 20 kHz laser
repetition rate (using 25 ps pulse width for square pulse illumination).
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Figure 4.1. Normalized time-resolved photoelectrical responses of (a, ¢) the two commercial
photodiodes (SFH 203 P and BPW 34) and (b, d) the two commercial phototransistors
(SDP8406 and BPX 81-3) under (a, b) 635 nm square pulse illumination with pulse widths =
100 ns and 25 ps, respectively, and (c, d) 636 nm impulse illumination with pulse width
< 500 ps.

As can be seen from Figure 4.1a, the rise times of the photodiodes BPW 34 and SFH 203 P
under square pulse illumination are 24 ns and 7 ns, respectively. They fit perfectly to the
expected values of 20 ns and >35ns, cf. Table 4.1. The phototransistors SDP8406 and
BPX 81-3 show values of 1.5 us and 2.1 ps, respectively, see Figure 4.1b, and by that, are in
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the expected ranges of <2.8 us and < 6 us, respectively, cf. Table 4.1. Hence, for all four
commercial photodetectors the correct rise times towards square pulse illumination are
obtained, verifying the applicability of the setup for time-resolved photocurrent examinations.

The normalized impulse photoresponses of the same commercial photodetectors are shown in
Figures 4.1c and 4.1d. Photodiodes show a very fast nanosecond response with the SFH 203 P
diode being faster than the BPW 34, which fits to the speed of response under square pulse
illumination. The SFH 203 P photodiode exhibits ringing, which occurs in photodiodes whose
photoresponse is optimized for the frequency domain, not the time domain, thus enabling
large bandwidths.2**2° Both phototransistors are significantly slower than the photodiodes, as
expected, and show slowly decaying long tails that last for microseconds.

4.2 Confirmation of Non-Steady State (“Impulse”) Data

To confirm the accuracy of the non-steady state or impulse measurements, their
photoresponses are compared to the square pulse photoresponses. Impulse measurements
require a short, delta-shaped light pulse and square pulse illumination starts with an abrupt,
step-shaped switch from the dark towards continuous wave illumination of a device. Since the
delta function is the derivative of the Heaviside step function, the photoresponse of a
photodetector to a laser impulse is related to its corresponding turn-on photoresponse under
square pulse illumination. The integration of the impulse photoresponse should be comparable
to the first half of the measured square pulse photoresponse. This is exemplarily shown in
Figure 4.2 for the photodiode BPW 34. Integrated impulse response and the turn-on of the
square pulse photocurrent match very well and thus validate the impulse studies.
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Figure 4.2. a) Impulse response (green) and the corresponding trapezoidal integral (red) of the
photodiode BPW 34. b) Comparison of the integrated impulse response (red) of BPW 34 with
its square pulse response.
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4.3 Bandwidth Estimation

Both the square pulse and the impulse photocurrent data can be used to characterize the speed
of a photodetector in terms of bandwidth. As specified in Chapter 2.1.1, the bandwidth of a
detector can be calculated from the impulse response using fast Fourier transformation, cf.

Formula (4). Plotted in logarithmic dB scale with dB = 10log,, @, this is shown for the

1

BPW 34 photodiode in Figure 4.3 using the impulse photoresponse shown in Figure 4.1¢c. The
3 dB bandwidth can be extracted and amounts to 17.8 MHz. When using the rise time of the
square pulse photoresponse data, the 3 dB bandwidth can be approximated using Formula (4)
and gives a value of 14.6 MHz. This is comparable to the bandwidth calculated via the
impulse response data.
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Figure 4.3. Bandwidth spectrum of the photodiode BPW 34 with its 3 dB bandwidth of
17.8 MHz.

4.4 Photoconductive and Photovoltaic Mode

The highest applicable voltage of 10 V limits the examination of the photodiode SFH 203 P
which is characterized under a reverse bias of 20 V in the data sheet. The voltage dependence
of the diode response towards both square pulse and impulse illumination is thus examined
and shown in Figure 4.4. Without any biasing, in the photovoltaic mode, the rise and fall
times are slowest and can be accelerated with increasing reverse bias, i.e., in the
photoconductive mode.

As outlined in Chapter 2.1.1.2, this acceleration of the diode with increasing electric field can
be attributed to a reduction of the RC time, an elimination of slow diffusion processes and to a
shortened transit time: If the diode is not-fully depleted under photovoltaic conditions, its
capacitance decreases with increasing reverse bias as the depletion width is extended. This
also prevents diffusion processes. If charge carriers do not already travel at saturation
velocity, it moreover accelerates their drift velocity. For a fully depleted diode, the



52 Proof of Concept: The Time-Resolved Photocurrent Setup

acceleration of the diode with increasing applied field might arise if charge carriers are not yet
travelling with saturation velocity, meaning that they can drift faster in a higher electric field.
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Figure 4.4. Voltage dependent rise and fall times of the commercial photodiode SFH 203 P
under a) 635 nm 3 MHz square pulse illumination, pulse width = 100 ns, b) 636 nm 3 MHz
impulse illumination, pulse width < 500 ps. Inset: Corresponding bandwidth spectra.
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Photodetectors are manufactured on a wide variety of substrates. Regularly used is a silicon
wafer with insulating SiO» layer on top (Si/Si0,)!7-2% 22 23, 38, 134-136, 163, 246, 249, 267 " including
my own first experiments'®’. This allows for an electrical gating of the active material via the
bottom silicon gate, cf. Chapter 2.1.2.3. Sometimes, hexagonal boron nitride?! 23% 268 js
applied additionally or another insulating layer instead of SiOz, e.g. AIN** ALO;*- ! or
SisN42, is utilized. In addition, glass*!> 0 100 102, 107, 133, 138, 144,270 a3, 42, 161,249,271 oy
quartz'3® are used as substrates. For the design of flexible photodetectors, PET38 42 140. 141, 271,

272 PEN*42 polycarbonate’! or polyimide®® are reported.

However, hardly any study deals with the influence of the substrate material on the
performance of a photodetector, especially with regard to its speed of response. %2238 4143 I
some cases, the substrate material used is not even specified,'® ** emphasizing how little
attention has been devoted to this aspect in the development of photodetectors to date.

5.1 Si/Si02

I started investigations of photodetectors based on Si/Si0,'"” wafers and planned to exploit

the possibility of an electrical gating of the devices in addition to optical gating with laser
illumination. However, when examining a bare silicon wafer with 230 nm oxide
(S1/S102(230 nm)) and interdigitated gold electrodes on top, a signal towards both, vis square
pulse and vis impulse illumination, can be detected as shown in Figure 5.1. Under 635 nm
square pulse illumination, a response of the bare substrate towards the on- and off-switching
of the laser is visible in both source-drain current (Isp) and leakage current (Is;), when the
wafer is investigated with a system source meter, cf. Figure 5.1a. The exact, time-resolved
photoresponse measured with the setup developed in this work towards both 635 nm square
pulse and 636 nm impulse illumination shows a significant photocurrent response lasting up
to microseconds, cf. Figures 5.1b and 5.1c, respectively. In contrast, no measurable
photoresponse is present in studies using 1310 nm square pulse illumination, cf. Figure 5.1d.

These photoresponses can be attributed to an absorption of the incident illumination by the
underlying silicon. Silicon has a high absorption coefficient in the visible range (about
10* — 10° cm™1), while it hardly absorbs at all when excited below its band gap of 1.1 eV.
This is still the case when it is n-doped with a concentration of 3 - 1017 cm™3 (cf. Chapter
3.6.2).273-%5 A recommendation that a silicon wafer should not be used as substrate material
for photodetectors because of its absorption is also given in the thesis of C. Livache.?’®
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Figure 5.1. Typical photoresponse of a bare Si/Si02(230 nm) substrate with interdigitated
gold electrodes on top (here: 2.5 um x 10 mm). a) Source-drain current (Isp) and leakage
current (Ig;) measured with a system source meter for 200 mV applied under 635 nm 0.1 Hz
square pulse illumination. Inset: full response, including the capacitive drop at the beginning
of the measurement. More detailed investigation with the time-resolved measurement setup:
b) Square pulse photoresponse upon 635 nm 100 kHz illumination, under different voltages
applied. Adapted with permission from Schedel et al.** and modified. Copyright 2021,
American Chemical Society. ¢) Impulse photoresponse upon 636 nm 100 kHz illumination,
under different voltages applied. Adapted with permission from Schedel et al.*” and modified.
Copyright 2021, American Chemical Society. d) Square pulse photoresponse upon 1310 nm
100 kHz illumination, under different voltages applied. Grey boxes indicate laser
illumination.

To investigate if this silicon signal is significant compared to the photoresponse of an entire
photodetector with an active material deposited on top of the silicon substrate, CdSe/T
/Zn4APc thin films on Si/S102(230 nm) were investigated. Both empty substrates and CdSe/I”
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/Zn4APc coated substrates were studied with 636 nm 500 kHz impulse illumination
(< 110 pW average power) and different biases applied. They are compared concerning the
magnitude of their photoresponse, shown in Figure 5.2. The voltage dependent maximum
photocurrent towards the impulse illumination is given and no differentiation between silicon
substrates with (blue) and without (red) photoactive material is possible. Therefore, the
photoresponse of a Si/Si02(230 nm) substrate cannot be neglected and seems to dominate the
measurement.
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Figure 5.2. Comparison of the voltage dependent maximum impulse photocurrent of a
Si/Si02(230nm) wafer with 2.5 pm % 10 mm electrode geometry without (red, one color =
one device) and with (blue, one color = one device) CdSe/I'/Zn4 APc thin film on top.

A thicker dielectric layer should protect the gold electrodes more effectively from charging
effects induced by photogenerated charge carriers in the underlying silicon. Therefore, silicon
substrates with an extemely thick oxide layer, Si/SiO2(770 nm), have been examined, cf.
Figure 5.3. While the empty substrate does not feature any photoresponse towards square
pulse illumination, see Figure 5.3a, charging effects are observed again in the leakage current
of a WSe> photodetector based on Si/SiO2(770 nm), see Figure 5.3b. Detailed investigations
are performed with the time-resolved measurement setup and three exemplary measurements,
that reflect the possible magnitudes of the effect, are given in Figure 5.3c. Depending on the
applied electric field, the magnitude of the leakage current (I5;) varies and it can be as high as
the measured photocurrent. With that, it has a strong impact on the temporal performance of
the detector when switching the laser on and off.

Since this thesis focuses on the speed of response of photodetectors and the measurement of
time-resolved photocurrents under visible and NIR illumination, the use of Si/SiO2 substrates
is avoided.
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Figure 5.3. Typical Si-substrate signal for a Si/S102(770 nm) substrate with gold electrodes on
top under 635 nm square pulse illumination. a) Bare substrate with 2.5 pm % 10 mm
interdigitated gold electrodes, examined with the system source meter under 200 mV bias
applied, 0.1 Hz illumination. Inset: full response, including the capacitive drop at the
beginning of the measurement. b) Leakage current (Is;) of a WSe> photodetector based on
S1/S102(770 nm) with 2.5 pm % 80 um gold electrodes, examined with the system source
meter for 200 mV bias applied, 0.1 Hz illumination. Inset: full photoresponse. ¢) Detailed
study of the same sample as in (b) with the time-resolved measurement setup, under different
voltages applied at 100 Hz illumination.
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5.2 Glass and Polyimide

There are many insulating materials that do not absorb in the vis (636 nm) and NIR (779 nm,
1310 nm) range and that could be used as substrates. Glass with a high dielectric constant of
4.5-8%" is utilized frequently. For the fabrication of electrodes via optical lithography, the
surface of glass must be modified with an adhesion promoter. Hexamethyldisilazane (HMDS)
is used and minimizes the density of silanol groups at the surface, preventing electron
trapping and scattering at the interface between glass and photoabsorber.!$% 278280 A
representative of flexible substrates is poly(4,4'-oxydiphenylene pyromellitimide), a
polyimide, which has a low dielectric constant of 3.5-3.72%!> 282, The dependence of the
dielectric constant on the frequency in the range of 50 Hz up to 1 MHz is very small for both
glass?’” and polyimide®®!, and the dielectric constant is therefore assumed to be constant in
this range in the following investigations. The surface of HMDS treated glass and the utilized
polyimide, also called Kapton® HN, are shown in Figure 5.4.

a

Si(CH3)3/Si(CH3)3 H /Si(CH3)3 /Si(CH3)3/Si(CH3)3
O

A A ) [
' ' Si Si Si N?:():((N‘Q*O
(0] (6]
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Figure 5.4. a) HMDS treated glass surface, b) chemical structure of the polyimide Kapton®
HN.

The largest differences in the charging energy of QDs occur for a dielectric constant of the
matrix of up to approx. ten, as shown in the case of PbSe QDs, cf. Figure 2.12.** A similar
trend regarding the influence of the substrate can be expected and the dielectric constants of
the two substrates with 4.5-8 for glass vs 3.5-3.7 for polyimide fit perfectly to this range.

In order to confirm that glass and polyimide can be used as substrate materials in the
development of photodetectors, they are investigated like Si/SiO, before. This is shown in
Figure 5.5. Neither on glass nor on polyimide there is a leakage current in the photoresponse
of WSe> detectors, both for an investigation with the system source meter and for the detailed
investigations with the developed time-resolved photocurrent setup. Therefore, these two
materials are used as substrate materials in the following time-resolved photocurrent studies.



5.2 Glass and Polyimide 59

— — 10
SD <
a o s =)
€ 5
1r £
3
— 635 nm 0 10 20
é laser on time [s]
E a
@ 0O
5 =251
[&]
<
-1t £
1)
(%]
c
0 5 10 15 20 @
time [s] =
1]
(9]
2
— lp | <5.0 [ (Y
° ISG % § _4 L lsD
2t § 2.5 z . — s
300 0.0 0.5 1.0
0 10 20
—_ 635 nm
. 2 L
é 1t laser on time [s]
o of
: I
[&]
2t
0 L
—4r 0.1V
SD
1t -6 — s
0 5 10 15 20 0.0 0.5 1.0
time [s] time [ms]

Figure 5.5. Typical leakage currents of WSe> flakes on top of 5 pm % 80 um gold electrodes
on a) glass and b) polyimide, under 635 nm 0.1 Hz square pulse illumination and 200 mV bias
applied, examined with the system source meter. Insets: Corresponding photocurrents. c)
Detailed investigation of the same sample as in (b) with the time-resolved measurement setup
for varying biases applied under 635 nm 1 kHz illumination.

The root mean square surface roughness (RMS roughness) of both substrates is investigated
with atomic force microscopy, shown in Figure 5.6. HMDS treated glass slides show a
smooth surface with a roughness of 5.5 + 0.8 nm. On the contrary, polyimide shows large
elevations and scratches are present which presumably originate from manufacturing and
package of the foil. It has a higher surface roughness of 30.7 £ 12.9 nm.

The characteristics of glass and polyimide are listed in Table 5.1 for comparison.
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Figure 5.6. AFM image of bare a) glass slide, b) polyimide foil.

Table 5.1. Characteristics of glass and polyimide.

glass polyimide

surface roughness 5.5+ 0.8 nm 30.7 £ 12.9 nm

dielectric constant 4.5-8 277 3.5-3.7 281,282
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In this Chapter, the time-resolved photoresponse of iodide capped CdSe QD thin films,
sensitized with the dye zinc B-tetraaminophthalocyanine, (CdSe/I'/Zn4APc) on both glass and
polyimide substrates is examined. Both 636 nm and 779 nm impulse illumination and 635 nm
square pulse illumination are investigated. The transient, non-steady state photocurrent
response of a detector under impulse illumination gives information about its application in
fast optical switches for optical communication, where very short, delta-shaped laser impulses
are exploited for data transmission. The photocurrent response towards a square pulse
illumination reaching steady state photocurrents can be used to examine if geometry related
(dis-)charging limits the speed of the detector.

For the same thin films, the use of polyimide as substrate for CdSe/I/Zn4 APc photodetectors
enables the larger bandwidth of 85 kHz vs. 67 kHz when glass is utilized. As is evident from
the transient response to an impulse illumination, the initial carrier trapping and
recombination within about 2.7 ns is identical on both substrates, whereas a long tail caused
by multiple trapping events is more pronounced on glass, thus reducing the bandwidth. For
the steady state investigations, no difference is observed in the decay for either substrate,
which indicates that all trap states are saturated during the long illumination time, thus, a
comparable decay behavior emerges. All devices are RC limited and to improve the
bandwidth, the photoresistance of the QD thin film must be reduced.

6.1 Non-Steady State (“Impulse”) Investigations
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Figure 6.1. a) Normalized transient photocurrent responses of CdSe/I/Zn4APc thin films with
um-spaced electrodes on glass (black) and polyimide (red) under 636 nm 100 kHz
illumination with 10 V bias applied (one color = one device). The 100 kHz measurement
window corresponds to a 9.8 ns time / point resolution. b) Corresponding bandwidth spectra
of the impulse responses given in (a) calculated via Formula (4). Zero-padding is applied to
the impulse measurements to convert the 100 kHz data into quasi 25 kHz data. The bandwidth
is approx. 67 + 4 kHz on glass and 85 + 4 kHz on polyimide. Inset: larger section of the
bandwidth spectra. Adapted with permission from Schedel et al.** and modified. Copyright
2021, American Chemical Society.
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The speed of response of the CdSe/I'/Zn4APc photodetectors are first investigated using
impulse illumination. The normalized impulse photocurrent responses of CdSe/I/Zn4APc thin
films on pm spaced electrodes on glass, depicted in black, and on polyimide, depicted in red,
are shown in Figure 6.1a for 636 nm 100 kHz illumination (< 22 pW average output power).
A distinct difference is visible in the long tail of the transient response. The tail current is
significantly enhanced on glass compared to polyimide and a fall time (90 % — 10 %) of
160 £ 128 ns on glass vs. 18 + 3 ns on polyimide is observed. According to Formula (4),
these impulse responses translate into 3 dB bandwidths of 67 + 4 kHz on glass and 85 +
4 kHz on polyimide, cf. Figure 6.1b.

Regardless of the applied voltage and the channel length (electrode geometry: 2.5 pm, 5 pm,
10 um, 20 um x 10 mm), the normalized photoresponses are the same on glass and polyimide,
see Figure 6.2. This is true for both 636 nm and 779 nm illumination with a reduction of the
photocurrent response under NIR illumination of 50 % — 80 % compared to the photocurrent
induced by 636 nm illumination. The lack of dependence of the signal on bias or channel
length opposes the behavior observed for an organic photodetector by Punke et al.”” It implies
that the CdSe/I'/Zn4APc detectors are not transit time limited, where an increasing electric
field accelerates charge carrier drift and a shorter channel length leads to reduced drift times,
both effects speeding up the photoresponse, cf. Formula (15).
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Figure 6.2. Normalized impulse responses of a typical CdSe/I'/Zn4APc thin film on polyimide
upon 636 nm 1 MHz illumination with a) different electric fields applied (5 pm channel
length), and with b) different channel lengths under 10 V bias applied. Adapted with
permission from Schedel et al.*” and modified. Copyright 2021, American Chemical Society.

The decay of the impulse response can give insights into the decay mechanisms of
photoinduced charge carriers in the QD film and two models can be applied, cf. Chapter

t
2.1.3.1. On short timescales for the fast initial decrease, an exponential decay (X e ) can be
attributed to charge carrier recombination and initial trapping. This is followed by a slower
decay following a power law ( t™) according to a multiple trapping and release mechanism.
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Both mechanisms are observable in the transient photocurrent decay of the CdSe/I'/Zn4APc

thin films, similar to previous reports>> '**-144 and exemplary fits can be seen in Figure 6.3.
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Figure 6.3. Impulse response of a typical polyimide detector under 636 nm illumination
(channel length: 2.5 um). a) Initial decay of the photoresponse shown for 1 MHz repetition

rate data with exponential fits (< e ﬁ) and b) power law fits (x t™, myoy = —0.47 £
0.01, mgy = —0.47 £ 0.02, m3zy = —0.49 + 0.03) of the long tail carried out at 100 kHz
illumination for a better visualization of the tail. Adapted with permission from Schedel et
al.¥ and modified. Copyright 2021, American Chemical Society.

The exponential fit (< e E) of the first decay gives a time constant () of 2.7 ns for all devices
on both polyimide and glass regardless of the applied bias and the channel length, cf. Figure
6.3a. This time constant fits to both the thin film photoluminescence data and to the
theoretical hopping time. According to previous results'®’, the photoluminescence decay is
estimated to be 3.1 ns or faster, depending on the film thickness. The hopping time (7)

: : a2 : .
expected for such QDs is about 2.1 ns, calculated with T = 627,98’ 238,283 yising the mobility

u = 1073 cm?/Vs as previously determined on a Si/SiO, wafer'®” and the QD diameter (d).
Therefore, I attribute the first exponential decay to charge carrier recombination and initial

trapping.

The initial exponential decay is followed by a slower decay that obeys a power law behavior
(o< t™). This corresponds to the characteristic encountered for multiple trapping and release of
charge carriers, and the Urbach energy (Ey) gives an estimate for the distribution of the trap

states being incrementally filled. For all samples, the exponent of the power law fit (m) is

—0.6 <m <0, thus, the Urbach energy is estimated according to Ey = %, cf. Formula

(26).140 145, 146, 149-151, 133 Eor the polyimide devices, the mean of the Urbach energies is about
50 meV and on glass it is about 44 meV, see Figure 6.4. A trend towards decreasing Urbach
energy with increasing electric field seems to exist, although most variations are within the
standard deviation. The enhanced tail currents for the detectors on glass lead to improved
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signal to noise ratios, explaining the smaller standard deviation of the glass detectors
compared to the polyimide devices.
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Figure 6.4. Urbach energies of a) polyimide and b) glass photodetectors, x-axis: electrode gap
(2.5 pm, 5 um, 10 pm, 20 pm x 10 mm), contacts listed. Adapted with permission from
Schedel et al.*” Copyright 2021, American Chemical Society.

Previously reported values of the Urbach energy for CdSe QDs are approx. 20 — 80 meV,
depending on the chosen surface ligand and film preparation.” They are in accordance with
the values measured in this work. Taking into account the standard deviation, the Urbach
energies on glass and polyimide are approximately the same, thus, this aspect cannot explain
the distinct differences in the tail of the photocurrent. Instead, I attribute it to a larger number
of accessible trap states of similar energy at the QD — substrate interface for glass detectors
compared to polyimide devices. The dielectric constant of technical glass with 4.5-8%"7
influences the charging energy of the QDs close to the substrate, cf. Formula (34), where the
enhanced dielectric screening shields trapped charge carriers more effectively compared to the
situation on polyimide with a small dielectric constant of 3.5-3.72%!: 282, Thus, more QD trap
states near the interface can be occupied on glass, enhancing the tail current due to the more
pronounced multiple trapping and release process.

6.2 Steady State (“Square Pulse”) Investigations

The photoresponse of a typical CdSe/I/Zn4APc thin film on polyimide with pm-sized
electrode gaps towards 635 nm 10 Hz square pulse illumination (< 12 mW) is shown in
Figure 6.5. The same stable photocurrents are observed at longer illumination times, e.g.,
under 0.1 Hz illumination, thus, steady state conditions are achieved. No difference between
glass and polyimide detectors is observed, contrary to E et al.*? The rise times (10 % — 90 %)
range mostly from 0.4 ms to 4.8 ms, cf. Figure 6.8, and fall times vary between 0.2 ms to
4.2 ms. The scattering arises due to inhomogeneities in the morphology and the thickness of
the films, which are up to about 3 — 4 pum thick, cf. Chapter 3.6.3.



66 6 Substrate Effects on the Bandwidth of CdSe Quantum Dot Photodetectors

1.OF — 10V
8 ;:‘ — 5V
Zosl | 2V
@® VY- | -
£ | T
5 | =
c 0.6f “ <20}
= g
q) -
£0.4f 3
3 g

0 Ok e

202 2 Op—gj
e | =
oY ‘1\

0.0} — At

0 20 40 60 80 100
time [ms]

Figure 6.5. Normalized square pulse photocurrent response of a typical CdSe/I'/Zn4APc thin

film towards 635 nm 10 Hz illumination at different applied voltages. Exemplary device on

polyimide with 5 um channel length. Inset: absolute photocurrent. Adapted with permission

from Schedel et al.** Copyright 2021, American Chemical Society.

I ascribe the comparable decay behavior to the long illumination times during which all trap
states are saturated, and detectors based on glass and polyimide can no longer be
distinguished from each other. Identical to impulse illumination, there is neither a measurable
field nor channel length dependence of the rise and fall times. This argues against a transit
time limitation of the devices since drift should be accelerated by an increased electric field.
According to Formula (15), the theoretically expected drift times for the four geometries with
2.5 um, 5 pm, 10 um or 20 um channel length, using u = 10~3cm?/Vs'’ and 10 V bias
applied, are 6.3 us, 25 ps, 100 ps and 400 us, respectively, values that are significantly lower
than the measured rise times. Moreover, diffusion processes should be accelerated with an
enhanced electric field as well. Therefore, this behavior hints towards an RC limitation of the
detectors.

To wverify the assumed RC limitation, I conducted impedance spectroscopy on the
photodetectors on polyimide to estimate the RC time and compared it with the measured rise
times. An exemplary impedance spectrum is shown in Figure 6.6 for a 2.5 um channel length
device. The data is fitted assuming a parallel circuit consisting of a constant phase element
and a resistor, similar to Livache et al.'*3

The resistances extracted from the impedance measurements are identical to the ones
measured via two-point measurements, as shown in Figure 6.7a. For the two-point
measurements, an ohmic behavior of the devices was observed up to + 10 V. I checked the

measured capacitances with the theoretically expected values calculated according to Formula
(23): C =L(N—1Dey(1+¢,) %,“6 using the dielectric constant of CdSe QDs (g, =
6.2)'87- 232 the number of electrode fingers (N = 21), the length of the electrode fingers (L =
500 um), and the width of the electrode fingers (w = 20 um). With that, I assume the device

capacitance to be about 1.3 pF, 1.0 pF, 0.8 pF and 0.6 pF for the channel lengths of 2.5 um,
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5 um, 10 um, and 20 um, respectively. These calculated values are compared to the values
determined via impedance measurements in Figure 6.7b and show a good agreement.
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Figure 6.6. Exemplary impedance spectra of a polyimide detector with 2.5 um channel length.
a) Cole-Cole plot of an uncoated (orange) vs. CdSe/I/Zn4APc coated (red) polyimide
substrate. b) Assumed equivalent circuit: parallel circuit of a constant phase element (Y, n)
and a resistor (R). c) Cole-Cole plot of the CdSe/I'/Zn4APc thin film on polyimide shown in
(a) with the corresponding fit assuming the equivalent circuit given in (b). R =9.0-

1011 Q,Y, = 2.73-10712 %,n =0.94 » Corp =2.89-107"*F. d) Corresponding Bode

plots of the data shown in (c), including the fits. Adapted with permission from Schedel et
al.* and modified. Copyright 2021, American Chemical Society.
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Figure 6.7. a) Resistances of the polyimide detectors determined via both impedance
(magenta) and two-point measurements (blue, for two different voltage regimes).
b) Capacitances of the devices. Theoretically calculated values are shown by dashed lines,
measured values of the polyimide devices are shown with markers. x-axis: electrode gap
(2.5 pm, 5 pum, 10 pm, 20 pm x 10 mm), contacts listed. Adapted with permission from

Schedel et al.*’ and modified. Copyright 2021, American Chemical Society.

Based on that, the RC times are calculated and compared to the measured rise times in Figure
6.8. The RC time evaluated by impedance spectroscopy in the dark (magenta) is several
orders of magnitude slower than the measured rise times (red) under all voltages applied. An
excellent agreement of RC time and rise time, on the other hand, is obtained when the
photoresistance (R;;,m) 18 used for the calculation of the R;j;,,, C time (blue).

The necessity to consider the photoresistance in the determination of the RC time can be
understood assuming that the resistance adapts very quickly under illumination. With that, the
RijjumC time is closer to the time constant actually present in the film at any time of the
measurement. The capacitances of 1 — 10 pF are very small but due to the high QD film
resistances the RC time becomes significant. Therefore, the observed rise times of all
detectors of hundreds of microseconds to several milliseconds are not an intrinsic property of
the material but are due to capacitive (dis-)charging of the device.
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Figure 6.8. Time constants of the CdSe/I'/Zn4APc thin films on polyimide. Comparison of the
RC time evaluated by impedance spectroscopy (IS) in the dark (magenta) with the Ry, C
time of the devices under illumination (blue) and the measured rise times (red). x-axis:
electrode gap (2.5 um, 5 pm, 10 pm, 20 um x 10 mm), contacts listed. The three devices with
significantly higher R;;;,,,C times compared to the corresponding rise times can be
considered outliers since they showed very low photocurrents leading to an uncertainty in the
evaluated data. Adapted with permission from Schedel et al.** and modified. Copyright 2021,
American Chemical Society.

6.3 RC time reduction

To accelerate the photodetectors, the RC time must be reduced. With a shortened channel
length of 350 nm and 500 nm the dark resistance is improved to approx. 10° — 1011(Q), see
Figure 6.9. Glass detectors with this electrode geometry (350 nm, 500 nm % 10 mm), from
now on referred to as “nm glass” devices, are investigated and compared to the first two
categories discussed so far, referred to as “um polyimide” and “um glass” devices.

For the nm glass devices, rise times of the square pulse photoresponse down to 24 us can be
achieved due to a reduced photoresistance. The correlation between the rise time and the
photoresistance is shown in Figure 6.10a for both um and nm glass devices, depicted in black
and blue, respectively: The rise time is accelerated with a smaller photoresistance. A trend of
faster rise times for the nm devices compared to the um devices is visible with the same rise
times for both groups of detectors when the same photoresistance is obtained. In Figure 6.10b,
the photoresponse of a typical CdSe/I/Zn4APc thin film with varying absolute photocurrents
upon 635 nm 100 Hz square pulse illumination is shown, using a 350 nm channel length glass
substrate. The lower photoresistance caused by the higher photocurrent leads to the faster
speed of response of the device under otherwise identical conditions.
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Figure 6.9. Resistances of the nm glass detectors determined via both impedance (magenta)
and two-point measurements (blue, for two different voltage regimes), x-axis: electrode gap
(350 nm, 500 nm x 10 mm), contacts listed. Adapted with permission from Schedel et al.*’
and modified. Copyright 2021, American Chemical Society.
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Figure 6.10. a) Correlation between rise time and photoresistance of both pm- and nm-spaced
CdSe/T'/Zn4APc photodetectors on glass (one color = one device). b) Typical normalized
photoresponse of a device on glass for 3 V bias applied towards 635 nm 100 Hz square pulse
illumination with different laser intensities, thus, different absolute photocurrents (350 nm
channel length). Inset: Absolute photocurrent. Adapted with permission from Schedel et al.*’
Copyright 2021, American Chemical Society.

These results imply that the devices are still RC limited, which is confirmed as the nm devices
do not show a field dependence of the rise times (analogous to Figure 6.5 for the um devices)
and the calculated RC times using impedance data are in accordance with the measured rise
times (analogous to Figure 6.8 for the um devices). For further improvement of the
photodetectors, the high resistance of QD films must be significantly reduced and much work
is already conducted to improve the mobilities of such films for a better applicability in
optoelectronic devices.?* 284
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Using non-steady state illumination, the bandwidth of the nm CdSe/I/Zn4 APc photodetectors
is evaluated and compared to the data of the um devices. Figure 6.11 shows both the
normalized impulse photoresponses and the corresponding bandwidth spectra of all three
types of detectors (um polyimide, pm glass and nm glass, depicted in red, black, and blue,
respectively). A reduced tail of the photoresponse in the nm glass devices compared to the pm
glass devices is visible, which improves the device performance and results in the bandwidth
spectra of the nm glass devices being less attenuated than the ones of um glass devices for
high frequencies. However, they are still slightly more attenuated than the ones for pum
polyimide devices. The 3 dB bandwidth is approximately the same for nm and pm glass
devices. I attribute the reduced tail in the impulse photoresponse of nm glass devices
compared to pm glass devices to the active area being diminished to about 10 %, reducing the
number of trap states per device.
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Figure 6.11. Photoresponses of CdSe/I'/Zn4APc thin films on um polyimide (red), pm glass
(black) and nm glass (blue) substrates towards 636 nm 100 kHz illumination under 10 V bias
applied for the um devices and 1 V bias applied for the nm glass devices (one color = one
device). a) Normalized transient photocurrent. b) Corresponding bandwidth spectra,
calculated via Formula (4) and using zero-padding to convert the 100 kHz impulse responses
into quasi 25 kHz data. Inset: enlarged view on the 3 dB bandwidth. Adapted with permission
from Schedel et al.** and modified. Copyright 2021, American Chemical Society.

The impulse response of the nm glass devices can be described with the same two models as
applied for the pm devices. A first exponential decay with a time constant of 2.5 ns (o

e ﬁ) independent of the applied electric field and the chosen channel length indicates the
same initial carrier recombination and hopping as for the um detectors. This drop is followed
by a slower decay, which obeys a power law, as in the case of the um detectors. Under the
same electric field strengths, the Urbach energies determined are identical to the Urbach
energies of the um glass detectors, cf. Figure 6.12. Up to 40 kV/cm, Urbach energies of about
40 — 50 meV are evaluated, which decrease to approx. 25 meV for higher field strengths up to
86 kV/cm.
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The decrease of the Urbach energy with increasing electric field can be explained with the
increased probability of excitation of charge carriers from the trap states back into the band
with the help of the field. As a result, the occupation density of the trap states is closer to the
band edge at higher fields.
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Figure 6.12. Urbach energies of the nm glass devices with different voltages applied. x-axis:
electrode gap (350 nm, 500 nm % 10 mm), contacts listed. Adapted with permission from
Schedel et al.*” Copyright 2021, American Chemical Society.

6.4 Conclusion

The speed of response of a CdSe/I'/Zn4APc QD photodetector on both glass and polyimide
substrates was investigated. The high dielectric constant of glass gives rise to a more
pronounced multiple trapping and release mechanism in the transient photocurrent decay
compared to the same photodetectors on polyimide that has a smaller dielectric constant. The
bandwidth on glass is therefore reduced to 67 kHz, whereas it is 85 kHz for the polyimide-
based detectors. The generally high resistances in QD thin films challenge the development
for high-speed QD photodetectors because they impose an RC limitation on the devices. For
further enhancement of the electrical bandwidth, a significant reduction in the photoresistance
has to be achieved.
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To accelerate photodetectors that utilize nanostructured materials as photoabsorber, the
photoresistance of this film has to be improved in order to reduce the RC time. The resistances
of the CdSe detectors studied in the last Chapter were very high because of a limited charge
carrier mobility. Due to their significantly higher mobilities, layered materials such as
transition metal dichalcogenides are a promising class of materials for application in
photodetectors.

In this Chapter, the influence of the two substrates glass and polyimide towards the speed of
the photoelectric response of otherwise identical WSe> photodetectors is examined. Time-
resolved photoresponses are investigated under both 635 nm square pulse illumination,
reaching steady state photocurrent, and 636 nm and 779 nm impulse illumination, operating
under non-steady state conditions. WSe> detectors on glass are accelerated by applying a bias
and the bandwidth can be increased to about 2.6 MHz. In contrast, an applied electric field
does not affect the speed of the detectors on polyimide. Those devices on polyimide are
limited by capacitive (dis-)charging (RC limited), whereas the ones on glass are limited by
slower excitonic diffusion processes. I ascribe this to the higher dielectric screening of glass
with a large dielectric constant compared to polyimide with a small one, resulting in a
shortened depletion layer width at the metal electrode / WSe:> interface on top of glass. Thus,
the change of substrate material alters the mechanism that limits the speed of the
photoresponse of the otherwise identical WSe> detector.

The investigated WSe> flakes were typically 30 — 50 nm thick, cf. Figure 3.9 in Chapter 3.6.4,
however, when attached to polyimide, they provided very low photocurrents under both
square pulse and impulse illumination. Therefore, thicker crystals of about 100 — 200 nm had
to be investigated on polyimide to achieve a sufficient signal-to-noise ratio. As all crystals
have at least 40 layers,?% 214 215.222 3 bylk behavior can be assumed for the detector except for
the top and bottom layers which are in direct contact with the surrounding media, namely the
substrate and the atmosphere.

For low power dissipation, a small dark current of a photodetector is required. In Figure 7.1a,
the dark currents under atmospheric conditions of the detectors on glass, depicted in black,
and on polyimide, depicted in red, are shown. For both substrate materials, the typical, non-
ohmic behavior of a MSM diode with Schottky junctions is observed. The dark current for the
devices on polyimide is strongly reduced, which is promising to achieve high on / off ratios

I . . e .
% = @ during photodetection. A variation in dark current for different substrates was
dark

also shown for a BeZnO alloy on top of sapphire, PET and PEN* and can be ascribed to
enhanced scattering of charge carriers on rough surfaces (surface roughness: 30.7 £ 11.6 nm
on polyimide, vs 5.5 + 0.7 nm on glass, cf. Chapter 5.2 with Figure 5.6).>*” 2% Isolating,
atomically flat hexagonal boron nitride is often used as surface on which 2D optoelectronic
materials are deposited to avoid this scattering and it increases charge carrier mobility
considerably.?!> 2% 285 Moreover, the high dark current on glass indicates an effective
minimization of silanol groups by surface modification with HMDS, cf. Chapter 5.2 with
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Figure 5.4, which would otherwise act as electron traps and represent strong Coulomb
scattering centers at the substrate / semiconductor interface.?*>27%- 280

The steady state photocurrent under several applied biases from —200 mV to 200 mV is
shown in Figure 7.1b. A nonlinear dependence of the applied bias is observed, as already

reported for WSe> photodetectors.?!- 286
107°F o ghass _opsii8EEEEELEEEE Lof F gass x =
o polyimide g9”°°°°7‘7’ :Zj:z: io 0 3 polyimide .4
10"10F - leakage currents | ° 5689°7°" _ , 3 %
< T
- s 0pggs8888 | < L T
g 107Mr gosgs® | o O
— o0 C
c ° L 0° 9]
E 0ggo 8‘50000@88 oo'sego g [
3 N e ZZSZaSSgsgséggseso"@@BSg S
~ _ 000000886° o88588098%
5 10 S TTEELELEEEEER 5] s
o 6006098 < -5} o
—10f o8 o s )
-10 o9 [ .
2858°°% Q
955500eaasaaangat® b
—10-9 g8EAEENEAREAEET" @ _10f® L . . | |
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
voltage [V] voltage [V]

Figure 7.1. Dark currents of all WSe> MSM photodetectors on glass (black) and polyimide
(red). b) Steady state photocurrent under different applied biases for a typical 5 um channel
length detector on glass (black) and a typical 2.5 um channel length detector on polyimide
(red) under 635 nm illumination (< 12 mW). Adapted with permission from Schedel et al.>
and modified. Copyright 2022, the Royal Society of Chemistry (PCCP Owner Societies).

7.1 Steady State (“Square Pulse”) Investigations

The time-resolved photocurrent response of one typical WSe: crystal on polyimide and one on
glass towards 635 nm 10 kHz square pulse illumination (< 12 mW) for different applied
biases and under atmospheric conditions is shown in Figures 7.2a and 7.2b, respectively. With
comparable absolute photocurrents, the speed of the response on polyimide detectors differs
significantly from glass devices. On polyimide, the photoresponse rise and fall times (10 % —
90 %) are independent of an increasing electric field and last for about 500 ns to 1 ps
regardless of the applied bias and channel length, cf. Figures 7.2e and 7.2f. In contrast, on
glass, the rise and fall times depend on the applied voltage, taking about 6 us when only
+ 50 mV is applied and accelerating to about 1 us when + 200 mV is applied, see Figures
7.2c¢ and 7.2d. There is no channel length dependence observable. With these switching
speeds, the WSe; detectors in this work are among the fastest TMDC based photodetectors
reported to date?! 10 246, 268, 286-289 5 those detectors are indeed significantly faster than the
ones based on CdSe/I/Zn4APc, presented in the last Chapter.
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Figure 7.2. Normalized photoresponse of one typical WSe, photodetector on a) polyimide
(channel length: 2.5 pm) and b) glass (channel length: 5 pm) towards a 635 nm 10 kHz square
pulse illumination at different voltages. Insets: absolute photocurrents. Correlation of
measured rise times (c, €) and fall times (d, f) vs. the applied biases for all glass detectors (c,
d) and all polyimide devices (e, f). One color = one sample. Adapted with permission from
Schedel et al.>® and modified. Copyright 2022, the Royal Society of Chemistry (PCCP Owner
Societies).

For the photodetectors on glass, the dependence of the rise time on the applied electric field
seems to suggest a transit time limitation, for which mobile charge carriers are transported at
higher velocity through the channel length as the field strength increases, assuming that
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saturation velocity is not reached, see Formula (15). In addition, this transit time limitation
would cause a square dependence on the channel length. However, for all the detectors on
both glass and polyimide, there is no measurable dependence of the rise / fall times on the
examined channel lengths of 2.5 um and 5 pm, cf. Figures 7.2¢ — 7.2f, arguing against a
transit time limitation.

The lack of electric field dependence of the rise / fall times for the polyimide devices
indicates an RC limitation, as described in Chapter 6. To verify this, I checked the RC time of
all detectors and compared them with the corresponding measured rise times, see Figure 7.3.
Therefore, I calculated the capacitances theoretically according to Formula (23): € = L(N —

Deg(1+ &) II:((:,)),M using the in-plane dielectric constant of WSe, for 1.95 eV incident

photon energy (&, = 20)*°* ?°!| the number of electrode fingers (N = 2), the length of the
electrode fingers (L = 80 um), and the width of the electrode fingers (w = 10 um). With that, I
assume the device capacitance to be about 24 fF and 19 fF for channel lengths of 2.5 um and
5 um, respectively. The photoresistances have been calculated directly from the measured
steady state photocurrents for different applied biases. As can be seen in Figure 7.3a, for
polyimide devices, the calculated R;j;,,,C times fit perfectly to the measured rise times and
verify the RC limitation of these devices.
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Figure 7.3. Comparison of measured rise times and calculated R;;;,,,,C times for all devices on
a) polyimide and b) glass. x-axis: electrode gap (2.5 um / 5 um x 80 um), contacts listed.
Adapted with permission from Schedel et al.>® and modified. Copyright 2022, the Royal
Society of Chemistry (PCCP Owner Societies).

On glass, on the contrary, the calculated R;j;,,,,C times are expected to be faster than the
actual measured rise times, see Figure 7.3b. Together with the present field strength
dependence of the rise time, this argues against an RC limitation for those detectors. This
assumption is supported further by the fact that the rise / fall times are also independent of the
photoresistances (Riium), controlled by the photocurrent level. This is depicted in Figure 7.4.
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Figure 7.4. Normalized photoresponse of a typical WSe; detector on glass (channel length:
5 um) towards 635 nm 10 kHz square pulse illumination for different laser intensities. Inset:
absolute photocurrents. Adapted with permission from Schedel et al.’® Copyright 2022, the
Royal Society of Chemistry (PCCP Owner Societies).

Therefore, another process must limit the speed of response of the WSe> photodetectors on
glass. The dark currents of the detectors indicate a Schottky barrier at the metal / WSe>
interface, cf. Figure 7.1a, which is an important factor in the performance of TMDC
photodetectors.?!: 111, 136, 286, 288, 292, 293 photocurrent is primarily generated in the depletion
region at the Schottky junction because of efficient exciton dissociation due to the built-in
electric field. The depletion region extends over several micrometers into the TMDC and can
be tuned by an applied gate voltage.?" 1*¢ This allows the Schottky junctions for both
286 and multilayer®? WSe; to be reduced from several tens of meV to approximately

0 eV in an ohmic contact by applying an appropriate gate voltage.

trilayer

277 281, 282
8 i ,

Glass has a higher dielectric constant of 4.5- compared to polyimide with 3.5-3
which, as 1 suggest, results in a shortened depletion region on glass due to an enhanced
dielectric screening and a stronger polarization. For a depletion width shorter than a 2.5 pum
channel length, hence, when the channel is not fully depleted, excitonic diffusion has to be
considered. The rich excitonic features of WSe; include trions®*" 2% 2% which behave in an
electric field like free charge carriers but with an enhanced effective mass.?** 2> Thus, trion
diffusion is accelerated with an increasing electric field and the speed of response of the
detector on glass is increased. While excitons in WSe: of several 10 nm thickness
(comparable to the crystals investigated in this work) have a diffusion length of 380 nm?*° at
room temperature, the trion diffusion length is expected to be shorter.?”” 2® Therefore, it
influences all devices similarly, and no channel length dependence arises. However, detailed
spatial studies of the photoresponse are beyond the scope of this work.

The influence of the substrate towards the responsivity of a photodetector is known in
literature.’® #* Using the steady state photoresponse, the on / off ratio of WSe, crystals on
polyimide can be observed to be about 325. It shows a high scattering with values as high as
3603, but also 24 has been measured once. The on / off ratio is significantly lower on glass
with 18 £ 10 (median and standard deviation, highest on / off ratio of 44), which can be
ascribed to the higher dark currents of WSe;> crystals on glass compared to polyimide.
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7.2 Non-Steady State (“Impulse”) Investigations

The normalized transient photocurrent response of a typical WSe; crystal on glass at different
applied biases towards 636 nm 100 kHz impulse illumination (< 22 uW average output
power) under atmospheric conditions is shown in Figure 7.5a. The photocurrent response is
accelerated considerably with increasing field strength, enabling a tunable 3 dB bandwidth,
see Figure 7.5b. The bandwidth is 2.57 + 1.55 MHz when 200 mV is applied and typical
values of 132 + 53 kHz are observed for 50 mV bias applied. I attribute this to slowly
diffusing trions, which are accelerated by an applied electric field in a not fully depleted WSe:
channel on top of glass, as for the situation under square pulse illumination.
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Figure 7.5. a) Typical, normalized impulse photoresponse of a WSe: photodetector on glass
(5 um channel length) for different applied voltages under 636 nm 100 kHz impulse
illumination. b) Corresponding bandwidth spectra of the impulse spectra shown in (a). The
bandwidth increases from 160 kHz for 50 mV applied to 1.32 MHz for 200 mV applied. Inset:
Full range of the bandwidth spectrum. Adapted with permission from Schedel et al.>°
Copyright 2022, the Royal Society of Chemistry (PCCP Owner Societies).

In contrast, the WSe> photodetectors on polyimide do not exhibit a field dependence, see
Figure 7.6a. This can be explained by the RC limitation of the polyimide devices. The 3 dB
bandwidth is calculated to 619 + 365 kHz, regardless of the applied bias. The reduced signal
to noise ratio is due to the lower absolute photocurrents of the detectors on polyimide
compared to the ones on glass and causes the high standard deviation, cf. Figure 7.6b. For
some of the polyimide devices, there is no measurable impulse photoresponse at all. This
contrasts with their high on / off ratio under steady state conditions. It can be explained with
the effect the dark current has on the on/ off ratio, which is not considered in the time-
resolved studies where only the photocurrent is measured. The normalized photoresponse
under both 636 nm and 779 nm impulse illumination is the same for otherwise identical
conditions, as shown in Figure 7.6c.
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Figure 7.6. a) Normalized photoresponse of a WSe; crystal on polyimide (2.5 um channel
length) under 779 nm 100 kHz impulse illumination with different biases applied. b) Absolute
impulse photoresponses of all WSe, detectors on glass (black) and polyimide (red) under
779 nm 100 kHz illumination with 200 mV applied. ¢) Normalized photoresponse under both
636 nm and 779 nm 100 kHz impulse illumination, exemplarily shown for a WSe: crystal on
glass (5 um channel length). Adapted with permission from Schedel et al.>® and modified.
Copyright 2022, the Royal Society of Chemistry (PCCP Owner Societies).

As for the dark current, the photocurrent on polyimide is inhibited by dangling bonds,
impurities, charge traps, a reduced dielectric screening and surface roughness, thus, efficient
carrier transport is prevented.!'> 24% 247- 285 Moreover, the excitonic binding energy in TMDCs
decreases with increasing dielectric constant of the surrounding.??’- 228 1. 253255 Thjg enables
a more efficient exciton / trion separation and photocurrent generation in the very short time
scale of the laser impulse on glass with its higher dielectric constant than polyimide. The
reduced photocurrent on polyimide devices limits their application in fast optical switches for
data transmission.
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7.3 Atmospheric Influences

Surface adsorbed oxygen and water can dope transition metal dichalcogenides and influence
their conductivity.?? 2°* 2% Therefore, not only the substrate material but also the contact
with the atmosphere must be considered. When the photodetectors are prepared under
atmosphere and measured under nitrogen, a strong increase in conductivity is observed for the
glass devices, which lasts for several hours and is reversible upon contact with atmosphere
again, see Figure 7.7a. In contrast, the conductivity is roughly constant for the WSe; crystals
attached to a polyimide foil.

For the flake thicknesses of the investigated WSe: crystals exceeding 30 nm, I assume n-type
conductance based on previous reports.?’® 213 The electron mobility decreases upon contact
with oxygen and water?°® and lowers the conductivity of the WSe: flakes under atmosphere in
comparison to investigations under nitrogen. Oxygen most likely desorbs continuously over
several hours when the photodetectors are placed under nitrogen, explaining the long-term
increase in conductivity of the detectors on glass. For WSe; crystals on polyimide, this effect
can hardly be observed. I attribute this to the higher surface roughness of polyimide with
30.7 £ 11.6 nm compared to glass with 5.5 + 0.7 nm, giving rise to air inclusions between
polyimide and WSe,. Exchange with nitrogen is not possible for these inclusions trapped at
the interface and they dominate the conductance of the crystals.

In order to have comparable situations for both types of detectors with constant dark currents,
I therefore decided to perform the measurements under atmosphere and not under nitrogen or
in vacuum. Moreover, the electron mobility and the photoresponse are enhanced due to
chemisorbed oxygen. It saturates chalcogen vacancies at the WSe> surface and by that
removes electron trap states and carrier scattering centers.’”’ In addition, oxygen doping
inducing surface oxidation has already been shown to accelerate the photoresponse of
ambipolar WSe, towards square pulse illumination.!” Therefore, I made sure to keep the
atmospheric conditions as similar as possible.
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7.4 Conclusion

The time-resolved photoelectrical response of WSe» photodetectors on polyimide with a small
dielectric constant and on glass with a large dielectric constant have been investigated. The
mechanism that limits the speed of response of the photodetector changes by varying the
substrate material. Photodetectors on polyimide are RC limited while the ones on glass are
limited by excitonic diffusion processes and can be accelerated with an increasing electric
field to a bandwidth of about 2.6 MHz. I attribute this change in the limitation of the speed of
response to a shortening of the depletion width at the metal electrode / WSe> interface for the
detectors on glass due to higher dielectric screening.
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8.1 Summary

In the present work, the influence of the substrate towards the speed of response of otherwise
identical photodetectors is investigated, an aspect scarcely considered in literature.

Therefore, a setup for time-resolved photocurrent studies for both, square pulse and impulse
illumination of photodetectors, was established initially. The functionality of the setup is
verified with the use of commercial photodetectors in Chapter 4. The measurement techniques
utilized in this work, illumination of a detector with a laser impulse or a laser square pulse, are
introduced. Materials that are photoactive themselves at the spectral range of the utilized
illumination cannot be used as substrate materials for photodetectors. Even with a thin
insulating layer on top, as for the investigated Si/SiO» substrates, in time-resolved
photocurrent studies, a convoluted photoresponse of the substrate and the material to be
investigated must be expected. Details are given in Chapter 5. Since I was planning to work in
the vis and NIR range for the development of high-speed photodetectors for visible range
communication and telecommunication, I chose to fabricate detectors on glass and on the
polyimide foil Kapton.

The present work shows that the choice of glass or polyimide as substrate has a significant
influence on the speed of response of photodetectors. The observed effects can be explained
by different dielectric screening caused by the substrates, since glass has a high dielectric
constant whereas polyimide has a low one. The influence of the substrate on the speed of
response of photodetectors is demonstrated for detectors with photoactive layers based on
CdSe QDs or WSe» crystals.

An iodide capped CdSe QD thin film, sensitized with zinc B-tetraaminophthalocyanine
(CdSe/T'/Zn4APc), absorbs both in the vis range and in the first telecommunication window,
thus, it is a fascinating material for application in optical communication. The transient
response shows the higher electrical bandwidth of 85 kHz when the films are prepared on
polyimide compared to 67 kHz when glass is utilized. This is due to a slowly decaying long
tail in the transient photoresponse which can be ascribed to multiple trapping and release and
is more pronounced on glass. The high dielectric constant of glass reduces the charging
energy of the QDs close to glass and enables more trap states to be occupied at the QD — glass
interface compared to the QD — polyimide interface. Thus, the tail current is enhanced for
photodetectors based on glass due to a more pronounced multiple trapping and release process
in the QD film. All detectors are RC limited as capacitive (dis-)charging limits their speed of
response. Details are given in Chapter 6, and these results have been published in ACS
Materials and Interfaces under the title “Substrate Effects on the Bandwidth of CdSe Quantum
Dot Photodetectors”.

The large RC time of the CdSe/I'/Zn4APc detectors is induced by the low mobilities of QD
based photodetectors. Significantly higher mobilities can be found in layered materials, as for
example in transition metal dichalcogenides. Therefore, a faster switching speed than
observed for the CdSe/I'/Zn4APc detectors is expected. Moreover, TMDCs offer interesting
excitonic features and, due to their layered structures, large influences of the dielectric
environment on their optoelectronic properties are already known.
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For WSe; photodetectors on glass and polyimide, the choice of the substrate influences the
mechanism that limits the speed of the detectors. The detectors on polyimide are RC limited
and their speed is not affected by an applied electric field. On the contrary, detectors on glass
can be accelerated with an increasing electric field and the bandwidth is enhanced up to about
2.6 MHz. I ascribe this to excitonic diffusion processes. They arise as the depletion width at
the metal / WSe; interface is shortened on glass compared to the one on polyimide due to the
strong dielectric screening. Details are given in Chapter 7 and these results have been
published in Physical Chemistry Chemical Physics under the title “Substrate Effects on the
Speed Limiting Factor of WSe> Photodetectors”.

In summary, the present work demonstrates that the substrate can be a crucial factor in the
time-resolved photoelectrical response of photodetectors and must be considered to a much
greater extent than has been the case to date. The large impact of the substrate on the speed of
response of two such different classes of materials highlights the importance of the choice of
substrate in the development of high-speed photodetectors.

8.2 Outlook

Many different substrate materials are used in the development of photodetectors, and this
work shows that the substrate has a significant effect on the speed of response of otherwise
identical detectors. I ascribe this to the different dielectric constants of the substrates
investigated. An in-depth study, in which the effect of many different isolating substrate
materials with dielectric constants as identical as possible is examined towards the properties
of one photoabsorber material, could supportively investigate, whether the dielectric constant
is the key factor for the observed effects, as I assume, or if the chemical interface and the
surface roughness must be considered more closely. For this purpose, WSe> detectors are
more suitable than CdSe QD detectors, since they do not require an annealing step during
their fabrication and many polymers, which usually have low glass transition temperatures,
can be considered as substrate materials. Simultaneously, due to the chemical variety of
possible substrates, such an investigation can also determine whether there are more
functional groups that act as charge carrier traps, such as the silanol group.

In the present work, bulk-like WSe> crystals were considered. Since the effect of a dielectric
on optoelectronic properties is much more pronounced for thin layers, the investigation of
mono- or few-layer TMDC detectors could reveal even more distinct effects. Moreover, the
electronic properties of TMDCs are influenced not only by the substrate but also by surface
adsorbates. A variation of this second interface offers further possibilities that might influence
the speed of these photodetectors and in-depth investigations are still lacking.

Not only for WSe; detectors, but also for the CdSe QD photodetectors, further questions arise
from the present investigation. The RC limitation could not be avoided with the investigated
reduction of the channel length. An examination of even shorter channel lengths of, for
example, a few tens of nanometers significantly reduces the number of necessary hopping
steps. In combination with sufficiently wide electrode fingers that ensure low electrode
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resistance, this could possibly circumvent the major disadvantage of QD detectors, their high
resistances. Moreover, it could be checked whether the RC limitation could be circumvented
by using other ligands than zinc B-tetraaminophthalocyanine which might allow much higher
mobilities in the QD film. However, a loss of responsivity in the NIR range would have to be
accepted.

In the present work, a bottom electrode configuration was used. This was done to ensure that
the substrate is directly adjacent to the region where charge transport takes place
predominantly, so that that the effect of the dielectric constant is maximized. The thicknesses
of the active materials varied greatly with 30 — 200 nm for WSe; crystals, while the QD films
were up to 4 um thick. When using top electrodes on the optically active material, it would
now be interesting to explore where the limit is, up to which the substrate still has a
significant effect on the detector performance.

In summary, many open questions remain to be investigated to gain a profound understanding
of the effects of a substrate on the speed of the response of otherwise identical photodetectors.
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Agxc Bohr exciton radius
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a(l) absorption coefficient
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B transfer integral
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d interparticle distance
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Dycc(E) occupation density
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E, activation energy
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E, band gap
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Eqn(t) thermalization energy
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& electric field
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