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Kurzfassung

Gegenstand der vorliegenden Arbeit ist ein neuartiges Photodetektionskonzept
basierend auf interner Photoemission (IPE). Das zugehorige Bauteil wird kurz
PIPED genannt, ein Akronym fur Plasmonic Internal Photoemission
Detector. PIPED erreichen als allererste Detektoren aus der Klasse der IPE-
Detektoren technisch interessante Leistungskennzahlen. Die Detektoren
bendtigen eine Flache von weniger als 1 pm? eines Silizium Chips, erreichen
eine optoelektronische Bandbreite von mehr als 1 THz und weisen auch bei
diesen hohen Betriebsfrequenzen eine hohe Empfindlichkeit auf. Diese
herausragende Leistungsfahigkeit beruht auf dem besonderen Aufbau, der einen
Metall-Halbleiter-Metall (MHM) Ubergang mit einem Metall-Oxid-Halbleiter
(MOH) Ubergang verbindet. Aufgrund der obenstehenden einzigartigen
Eigenschaften haben Detektoren vom PIPED-Typ das Potential,
Schlisselbausteine zukinftiger photonisch-elektronischer Signalverarbeitungs-
systeme mit Bandbreiten im THz Bereich zu werden, die Signale mit bisher
unerreichter Geschwindigkeit verarbeiten.

In dieser Arbeit betrachten wir die technische Tragfahigkeit des PIPED
Konzepts hinsichtlich solcher photonisch-elektronischer Signalverarbeitungs-
systeme. Wir beginnen unsere Untersuchungen mit Anwendungen von PIPED
in Chip-zu-Chip Verbindungen. Auerdem untersuchen wir die Eignung und
die Limitierungen von PIPED hinsichtlich fortgeschrittener optoelektronischer
Signalprozessierung bei sub-THz und THz Frequenzen. Dazu erarbeiten wir ein
tiefes Verstandnis der grundlegenden physikalischen Prozesse, die die
Uberragende Leistungsféhigkeit des Detektors erst ermoglichen. Zur
Herstellung des Bauteils nutzen wir modernste Techniken aus der
Halbleiterfertigung.

Die Errungenschaften unserer Forschungsarbeit zum PIPED Konzept wurden
mit dem  Gips-Schile-Forschungspreis 2017  ausgezeichnet,  der
interdisziplindre Forschung mit besonderer Relevanz fiir die Gesellschaft
wardigt.



Kurzfassung

Nachstehend folgt eine detaillierte Beschreibung des Inhalts dieser Arbeit:

Kapitel 1 dient zur Einfuhrung und legt die grundsétzlichen Fragestellungen
dieser Arbeit dar.

Kapitel 2 (,,Fundamentals of Metal-Dielectric Interfaces®) beschreibt die fir
das PIPED Konzept wesentlichen theoretischen Grundlagen. Wir stellen
insbesondere  die  physikalischen ~ Prozesse  heraus, welche die
Kerneigenschaften des PIPED bestimmen.

Kapitel 3 (,,State of the Art in Photodetection*) gibt einen Uberblick tber die
Funktionsweise von verschiedenen Photodetektoren. Wir legen hier die
Vergleichstechnologien fest, an denen wir die Leistungsféhigkeit des PIPED
messen.

Kapitel 4 (,,High-Speed Plasmonic Photodetectors*) fiihrt das PIPED Konzept
ein. Wir beschreiben den allerersten ,,Plasmonic Internal Photoemission
Detector (PIPED), der eine hohe Geschwindigkeit und eine Empfindlichkeit
von mehr als 0.12 A/W bei einer optischen Eingangswellenlange von 1550 nm
erreicht. Durch Wahl der Polarisation des einfallenden Lichts kann diese
Empfindlichkeit noch verdoppelt werden. Wir erreichen mit diesen Bauteilen
im Experiment eine Datenrate von 40 Ghit/s, was nur durch die zur Verfligung
stehende Laborausristung begrenzt wurde. Die funktionsrelevanten Strukturen
des Detektors weisen einen Flachenbedarf von weniger als 5 um x 155 nm auf.
Die Gesamtflache des Detektors ist damit geringer als 1 um? Diese
Leistungskennzahlen stellen Rekordergebnisse fiir plasmonische Detektoren
auf Basis von IPE dar.

Kapitel 5 (,,Field-Effect Silicon Plasmonic Photodetector for Coherent T-wave
Reception) erweitert das PIPED Konzept um eine zusétzliche
Kontrollelektrode, die in Analogie zu einem MOH-Feldeffekttransistor Gate-
Steuerelektrode genannt wird. Durch Anlegen einer Gatespannung wird ein
Feldeffekt ausgelést, mit dem sich die Ladungstragerdichte im Bauteil
kontrollieren lasst. Wir zeigen, dass durch Nutzung dieses Feldeffekts
optoelektronische Bandbreiten von mehr als 1 THz mdglich werden.

Kapitel 6 (,,Silicon—Plasmonic Integrated Circuits for THz Signal Generation
and Coherent Detection®) zeigt, dass PIPED sowohl als Transmitter als auch

Vi



Kurzfassung

als Empféanger von T-Wellen dienen kdnnen, und sich daher insbesondere fir
Anwendungen in THz-Systemen eignen. Wir stellen einen Demonstrator vor,
der mehrere PIPED- und THz-Schaltkreise monolithisch integriert.

Kapitel 7 (,,Summary and Outlook) umreit die Kernergebnisse dieser Arbeit
und stellt die n&chsten Schritte in der Entwicklung und Anwendung zuknftiger
Bauteile vom PIPED-Typ hinsichtlich photonisch-elektronischer THz-
Signalerzeugung dar.

In den Anhéangen A bis D stellen wir die Techniken zur Herstellung und zur
Charakterisierung der PIPED vor. Wir zeigen weitere Messungen, mit denen
wir unsere Modelle der grundsatzlichen physikalischen Eigenschaften der
PIPED validieren. Zuletzt beschreiben wir die Simulationsumgebungen, mit
denen wir die photonischen und elektronischen Eigenschaften unserer Bauteile
untersuchen.

Vii






Preface

This thesis introduces and experimentally demonstrates a novel approach to
exploit internal photoemission (IPE) for photodetection. For brevity, we name
the resulting device a PIPED, an acronym for Plasmonic Internal
Photoemission Detector. PIPED represents the first detector based on IPE that
operates at technically viable performance figures. The detectors occupy less
than 1 pm? of space on a silicon chip and provide operating frequencies in
excess of 1 THz, while a viable sensitivity is maintained even at these speeds.
The excelling performance is due to the detector’s specific layout that combines
a metal-semiconductor-metal (MSM) and a metal-oxide-semiconductor (MOS)
junction in a layout similar to a MOS-field-effect transistor. Due to these unique
characteristics, PIPED have the potential to become key building blocks of
advanced optoelectronic systems that operate at THz frequencies and that
process signals at unprecedented speeds.

In this work, we evaluate the technical viability of the PIPED concept regarding
such high-speed optoelectronic systems. We begin our analysis with chip-to-
chip interconnects based on PIPED. Furthermore, we explore the capabilities
and limitations of PIPED for its use in advanced optoelectronic signal
processing systems operating in the sub-THz and THz frequency range. We
develop a detailed physical understanding of the intrinsic physical processes
that define the excelling performance of the detector. We develop a
straightforward fabrication process that makes use of state-of-the-art
semiconductor processing techniques.

Our achievements regarding the development of PIPED have been awarded
with the Gips-Schille Research Prize 2017, which honors interdisciplinary
research with distinct benefits for society.
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A detailed description of the content follows below:

Chapter 1 (“Introduction™) provides the general problem statement of this
thesis.

Chapter 2 (“Fundamentals of Metal-Dielectric Interfaces”) introduces the
theoretical framework upon which the PIPED concept operates. We explain the
physical processes that define the key characteristics of PIPED.

Chapter 3 (“State of the Art in p-i-n Photodetect”) describes the general
operating principle of photodetectors. Here, we define the benchmark
technologies with which the PIPED compete.

Chapter 4 (“High-Speed Plasmonic Photodetectors”) introduces the PIPED
concept. We demonstrate the first high-speed and high-sensitivity plasmonic
internal photoemission detector (PIPED) with a sensitivity exceeding 0.12 A/W
at 1550 nm. By changing the state of polarization, the sensitivity can be
doubled. We succeed in data reception at bit rates up to 40 Gbit/s using a PIPED
receiver, where the data rate was only limited by the equipment available for
the experiment. The functionally relevant structures occupy an area of only
5 um x 155 nm. The total footprint of the device is less than 1 um?. Our
experimental findings represent record results for plasmonic photodetectors
based on IPE.

Chapter 5 (“Field-Effect Silicon Plasmonic Photodetector for Coherent T-
wave Reception”) expands the PIPED concept by introducing a further control
electrode, which in analogy to a MOSFET is called the gate electrode. Applying
a voltage to the gate introduces a field effect that controls the charge carrier
distribution and the associated dynamics in the device. We show that
optoelectronic bandwidths in excess of 1 THz are feasible using the gate.

Chapter 6 (“Silicon—-Plasmonic Integrated Circuits for THz Signal Generation
and Coherent Detection”) shows that PIPED can operate as both, T-wave
transmitters and receivers, and hence lend themselves for application in T-wave
systems. We suggest a proof-of-concept design, in which we monolithically
integrate PIPED with T-wave circuits.
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Chapter 7 (“Summary and Outlook™) formulates the key findings of this thesis
and details the next steps in the development and the application of future
PIPED-type devices in optoelectronic signal processing systems operating at
THz frequencies.

In the appendices A through D, we describe the technologies we use to create
and experimentally analyze the PIPED. We supplement further measurement
data that we use to validate our models of the physical properties of the PIPED.
Lastly, we explain the simulation framework with which we model the photonic
and electronic characteristics of our devices.
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Achievements of the Present Work

This thesis introduces and experimentally demonstrates a novel silicon
plasmonic photodetection concept. It is based on internal photoemission (IPE),
which is the light-induced transfer of hot carriers across a metal-dielectric
interface. We name the resulting device a PIPED, an acronym for Plasmonic
Internal Photoemission Detector. In this work, we develop the PIPED concept
starting with the analysis of its fundamental physical operating principles, and
investigate possible application scenarios for PIPED, ranging from chip-level
interconnects to optoelectronic terahertz wave (T-wave) systems.

The main achievements of this work are listed below:

First demonstration of a silicon plasmonic photodetector with technically
interesting performance: We experimentally demonstrate a PIPED with a
record-high sensitivity of more than 0.12 A/W at 1550 nm and with large
optoelectronic bandwidths well above 40 GHz. We prove the viability of the
PIPED concept for real-world applications by receiving on-off keying (OOK)
data at a rate of 40 Gbit/s. Our experimental findings are only limited by the
available equipment at the time of the experiment.

Development and implementation of a straightforward PIPED nano-
fabrication scheme in silicon: Our fabrication process is able to create PIPED
with a device footprint of below 1 um?. This makes PIPED much smaller than
competing Si/Ge photodetectors or uni-travelling-carrier (UTC) photodiodes,
which typically consume up to 100 pm2.

Ultra-wide range of operation: The optical operating frequency fo = c/Ao is
only limited by the absorption band edge of silicon at high optical frequencies
and by the barrier height of the involved metals at low optical frequencies. For
our PIPED design, we expect a useful operating range from A, = 1130 nm to
above 2000 nm. We have yet to determine the optimal operating wavelength
that maximizes the sensitivity.

Ultra-high optoelectronic bandwidth > 1 THz: Employing a field-effect
allows to control the carrier dynamics in the PIPED. We show that this field-

Xiii



Achievements of the Present Work

effect is persistent even at T-wave frequencies. Our simulations show that this
field-effect can be utilized to increase the optoelectronic bandwidth to well
above 1 THz.

First demonstration of silicon plasmonic T-wave transmitters and
receivers: Exploiting the high bandwidth and the voltage-dependent sensitivity
of PIPED, a single device can both generate T-waves by photomixing, and
receive T-waves by optoelectronic down-conversion using an optically
generated local oscillator.

First demonstration of integrated T-wave systems: We show that PIPED can
be monolithically cointegrated with T-wave circuits. We determine the complex
transfer characteristics of the transmission line in the frequency range from
0.05 THz to 0.8 THz as a proof-of-concept experiment.

Xiv



1 Introduction

The demand for high-performance computing and ultra-broadband signal
processing is ever increasing. Advanced optoelectronic systems attempt to
address this demand by cointegration of photonic and electronic
elements [1, 2]. This allows to make use of the most advantageous
characteristics of both fields: Integrated electronic circuits process digital
information by relying on strongly nonlinear components (like field-effect
transistors). State-of-the-art electronics achieve ultra-high integration densities.
As of today, the fabrication techniques in semiconductor structuring have
reached a level of precision that allows to control structures nearly down to
atomic levels. Photonics, on the other hand, has spawned a multitude of signal
processing techniques that provide broadband tunability and ultra-wide
bandwidths. High-performance computing systems that merge the strengths of
both fields could operate at very high frequencies and offer unsurpassed
performance metrics. High-speed photodetectors are core elements of such
optoelectronic systems. They convert light to an electronic current and hence
mediate between the photonic and the electronic domain.

However, a seamless cointegration of photodetectors and state-of-the-art
electronics is currently impeded by vastly different boundary conditions
imposed by the underlying technologies: Whereas modern field-effect
transistors can be fabricated with feature sizes approaching the single-digit
nanometer range [3], typical dimensions of integrated photodetectors amount to
several micrometers. Furthermore, while modern CMOS electronics are
fabricated on the mature silicon platform, photodetectors are typically
fabricated in germanium or on dedicated 111-V substrates, both of which are not
readily transferable to highly advanced CMOS platforms. This impedes a
monolithic cointegration of high-speed photodetectors in silicon electronics.

In this work, we introduce Silicon Plasmonic Internal Photoemission
Detectors (PIPED) as a new class of ultra-compact high-speed photodetectors.
PIPED rely on the excitation of charge density oscillations at metal-dielectric
interfaces, so called surface plasmon polaritons (SPP), and on internal
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photoemission (IPE), i.e., the light-induced transfer of “hot” carriers across such
interfaces.

PIPED implement SPP and IPE in a quasi-ideal way: Light is coupled from a
silicon photonic waveguide to a metal-semiconductor-metal (MSM) junction
made of gold, silicon, and titanium. The silicon core is less than 100 nm wide,
which creates a high plasmonic field enhancement at the junction and leads to
a strong SPP absorption. This generates electron-hole pairs in the metals within
a nanometric distance from the interface — close enough to allow a hot carrier
transfer across the metal-semiconductor interfaces, thereby creating a
photocurrent.

In the following chapters, we explore and develop the PIPED concept in
multiple steps: Starting from its very fundamentals, we create a detailed
understanding of the device’s underlying physical processes. We implement a
fabrication scheme to create PIPED with less than 1 um?2 in footprint.
Specifically, our PIPED is the first IPE-based photodetector that shows
technically viable performance parameters, which are comparable to other state-
of-the-art high-speed photodiodes. For the first time, high-speed photodetection
at 1550 nm wavelength becomes possible in silicon. With these early PIPED
prototypes, we are already able to demonstrate record-high sensitivities in
excess of 0.12 A/W at bandwidths of more than 40 GHz [4]. This makes PIPED
a worthwhile candidate for ultra-compact and highly integrated chip-to-chip
interconnects.

We then extend the PIPED concept by introducing a metal-oxide-
semiconductor (MOS) interface with an additional gate electrode [5]. Applying
a voltage to the gate induces a field effect in the silicon device core, similar to
a MOS field-effect transistor (FET). This allows to control the carrier dynamics
in the device and the degree of internal photoemission at the metal-
semiconductor interfaces. Specifically, a highly conductive channel can be
created in the device in which the device dynamics are determined by ultra-fast
dielectric relaxation rather than by the carrier transit time. We experimentally
verify that this field effect is persistent even at sub-THz frequencies. Our
simulations show that the bandwidth of PIPED can be increased to more than
1 THz by using the gate.
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Furthermore, we analyze the capabilities and limitations of PIPED for its use in
advanced optoelectronic signal processing systems that operate in the sub-THz
and THz frequency range [6]: PIPED feature a strongly voltage-dependent
sensitivity and are, thus, not only suited for T-wave generation by photomixing,
but also for coherent detection of T-waves by optoelectronic down-conversion
when employing an optical local oscillator (LO). PIPED can hence act both as
T-wave transmitters and as receivers. We demonstrate a monolithically
integrated T-wave system based on PIPED on the silicon platform and measure
the complex-valued transfer characteristics of an on-chip transmission line as a
proof of principle. We create T-waves in a PIPED transmitter, and continuously
tune the frequency range from 0.05 THz to 0.8 THz to extract the amplitude and
phase information at the PIPED T-wave receiver.

We believe that the PIPED concept addresses multiple challenges that are faced
by optoelectronic signal processing systems. These challenges range from
fundamental device principles to system integration. PIPED have the potential
to become disruptive in a variety of applications, comprising, without
limitation, future chip-level interconnects [1], ultra-broadband wireless
communications in future sixth-generation (6G) networks [7, 8], or THz
spectroscopy systems [9].






2 Fundamentals of Metal-Dielectric
Interfaces

This chapter introduces the theoretical framework describing the material
properties and the physical processes upon which this work is built. Section 2.1
describes the basic electronic properties of solids, introducing the continuity
equation and discussing carrier-transport mechanisms in semiconductors.
Section 2.2 focuses on interfaces of metals and semiconductors and on
interfaces of metals, oxides, and semiconductors, respectively. The carrier
transport under non-equilibrium conditions is specifically in focus. Section 2.3
introduces surface plasmon polaritons (SPP), which are a special form of
electro-magnetic waves bound to metal-dielectric interfaces.

2.1  Electronic Properties of Solids

The following section provides a brief overview of the fundamental physical
properties of semiconductors. A detailed derivation of the findings from first
principles can be found in [10] and [11].

Band Structure

The electronic properties of matter in the solid state are described with the
energy band model. The energy bands are a consequence of the wave-like nature
of electrons and their interaction with the periodic crystal lattice. Due to the
periodicity of the crystal lattice, only distinct waves with propagation constant
k and associated energy states W(k) can exist. The crystal momentum 7k is akin
to the classical momentum and is a conserved quantity. Each occupied state
models an electron. An unoccupied state is referred to as a “hole”.

The bands determine the electronic states of energy W(k) that electrons can
occupy and are separated by band gaps, where no states exist and electrons
cannot dwell. The band gap energy is usually measured in units of electron volt
and is typically in the order of W =1 eV in semiconductors (see Table 1).
Insulators have a larger band gap of several eV. For metals, the bands overlap
and there is no band gap.
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Table 1. Band gaps for various materials.

Material Type Band Gap Ws
Silicon Semiconductor lleV
Germanium Semiconductor 0.66 eV
Silicon oxide Insulator ~10 eV

Effective Mass and Mobility

Free charge carriers in the solid are able to move under the influence of an
external force. The effective masses of electrons my, in the conduction band
and of unoccupied electron states (“holes”) My in the valence band are a
measure of the carrier movement in response to an external field, in analogy to
the inertia of an object with mass m in classical mechanics. The effective masses
are characteristic for each material and are strongly dependent of the energetic
state W(K) in the k-space that the electron (or hole) occupies. The effective mass
reads in one dimension

1 10W(k) W

m R? ok?
The effective masses of electrons and holes are typically different due to the
different curvatures of the band edges at the bottom of the conduction band and
at the top of the valence band. The effective mass can be assumed constant in
most practical applications, as scattering limits the amount of momentum Ak
that a carrier can accumulate, such that the parabolic approximation according
to Eq. (1) is valid and the effective mass m" can be considered as a constant.
This scattering finally limits the speed of the carriers, which move with the
group velocity of the associated wave packet

10W (K)
Vg=——"—.
nook

In the following equations, only the x-dimension is assumed for the sake of
simplicity. The derivation is valid for the y- and the z-dimension, too.

@



2.1 Electronic Properties of Solids

The mobility p relates this average speed vy and the electric field E and takes
into account the scattering time ¢ of carriers when interacting with impurities
or phonons:

|VX|:“|EX|:Z_SE|EX|' ©)

Occupation Probability and Density of States

The Fermi-Dirac distribution function f (W) determines the occupation
probability of any electron state at energy W. For states within the bands, it reads

1 W W >>kT

:1+exp[(W—WF)/(kT)] = exp[-(W-We)/(kT)]. ()

f(w)

where W is the Fermi energy, k is the Boltzmann constant and T the absolute
temperature. At room temperature (T =298 K) the Fermi function makes a
transition from high (0.88) to low (0.12) occupation probabilities within an
energetic width of 4kT = 100 meV.

Conversely, the probability that a state is unoccupied is given by
1 W -W kT

- f(W)zl—eXp[—(W,:—W)/(kT)]

1—exp[ —(W -Wg)/ (KT)]. (5)

In semiconductors, the highest occupied band is called the valence band and the
highest unoccupied band is the conduction band. In a three-dimensional system,
the density of states follows a square-root law close to the bottom of the
conduction band N¢ and the top of the valence band Ny (page 17 in [10])

NC(W): m’r:\fzm:(\N_WC) (6)

i
°nd

Ny (W) = My 4/ 2my Wy, —W) . ™

ﬂ_ZhS

Carrier Density and Doping

The intrinsic carrier density n; is the number of electrons in the conduction band,
and the number of holes in the valence band which are present due to thermal
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excitation. For semiconductors, n; is typically small of the order of 10'° cm™
due to the large energetic separation of the bands. The carrier densities in the
semiconductor can be greatly increased by doping the material with an acceptor
(density N, ) or with a donor (density Np). Acceptors introduce additional
energy states close to the edge of the valence band. Electrons from the valence
band can be thermally excited to occupy an acceptor state, leaving a hole and
an ionized acceptor behind. Similarly, donors introduce additional energy states
close to the band edge of the conduction band. Electrons from donor states can
be thermally excited to the conduction band. The energetic separation of donors
and acceptors from the band edges is typically of the order of 10 to 100 meV
and hence much smaller than the band gap energy. In thermal equilibrium and
at room temperature, all acceptors and donors are ionized, such that the density
of carriers in the semiconductor is

W- —W,
n,=Np=Ngexp| ——&—F | 8
o D c p( KT j (8)
We —W,
=N, =Ny exp| ——F—Y |, 9
po =N =Ny exp{ -2 ©

The carrier density can be manipulated by a potential @(X) that is present in the
semiconductor. The potential @(X) can be the result of a contact voltage at
material interfaces, or it can be due to an externally applied voltage. The
reference potential ¢ =0 is located outside of the disturbed domain, where the
semiconductor is in thermal equilibrium. The carrier density then reads:

n=n, exp(—e(/lz—g)) : (10)
p= poexp( eolx )j- (12)

The dominating dopant type determines the majority carrier species. The
respective other carrier type is called the minority species. The mass action law
states the relation between n, p and n; in thermal equilibrium:

nf=np (12)



2.1 Electronic Properties of Solids

Conductivity and Carrier Transport

Transport is the physical movement of carriers through the solid at speed vy,
forming an electric current J. The current is counted positive for positively
charged carriers travelling along the x-direction (positive vx) and negative in
case of negatively charged carriers. Transport can occur due to gradients in
carrier densities or due to external fields. Gradients lead to diffusion currents
Jp, which are determined by the diffusion constant D = kTu/e. The relations for
diffusion currents of electrons and holes read:

dn
‘]n,D,x = eDn & ) (13)

dp
Jppx =—€Dy W (14)
The drift current Jex due to an external field Ex can be derived from Eq. (3),
and by using the relation for the conductivity for electrons &, =€nj, and
o,>0,E, >0:

Jnpx =—€nv,  =—enp E, =—o E,. (15)
An analogous expression holds for holes:
‘]p,F,x =€pVp x ZEpIJpEx :O-pEx- (16)

Generation and Recombination

Electron-hole pairs are constantly generated and recombined in semiconductors.
In thermal equilibrium and without any externally applied voltages or
illumination, the generation rate g and the recombination rate r cancel each
other, i.e., they have the same magnitude and opposite signs. The net generation
or recombination rate for carriers can be influenced by:

o Heating of the semiconductor as a whole by increasing the temperature T

¢ Light absorption in the semiconductor, causing inter-band transitions

¢ Injection of charges from the outside (e.g., through an interface to a
different material)
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Continuity Equation

The continuity equation relates the spatial distribution of free carriers in x-, y-,
and z-direction and the associated temporal evolution to the associated currents
as well as to the generation and recombination of the carriers in the
semiconductor. The equation of continuity is a result of the conservation of
mass and electric charge: A given density of charge carriers can only change in
space and time if there is a net inflow or outflow of carriers, or if the carriers
are generated or recombined through transitions between the valence band, the
conduction band and the impurity states within the band gap.

The continuity equation for electrons reads:

on 1

E_Edivj” =(0, - 1), Jy=J,e+J,p=enp,E+eDygrad(n).  (17)

An analogous relation holds for holes:

op 1. - c_T T =
Ep+gd|va=(gp—rp), Jp=Jpr +Ipp =€PH,E —eDygrad(p).  (18)

Dielectric Relaxation

Dielectric relaxation is a mechanism of carrier transport in semiconductors
occurring in domains of high carrier density. Injection of minority or majority
carriers into an otherwise electrically neutral region leads to a disturbance of the
potential @(X). The dominating carrier species reacts to the disturbance by
reorganizing its distribution and by electrically shielding the excess charge. The
high electrical conductivity of the majority species allows for a rapid
redistribution of the carrier density. The dielectric relaxation time 7y is the
characteristic time that a material with a given conductivity ¢ needs to shield
excess charges locally and is given by (page 519 in [10])

R= (19)

£
-
Typical values for the dielectric relaxation time range from
s =0.5fs ... 0.5ps, assuming an electron concentration between n = 10% cm
and 10*° cm in n-doped silicon.

10
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The bandwidth of optoelectronic devices can benefit strongly from dielectric
relaxation. The carrier dynamics for such devices is determined by the usually
very small dielectric relaxation time instead of the carrier transit time. In the
regime of dielectric relaxation, very high bandwidths in excess of 1 THz can be
achieved, see Chapter 5.

2.2 Metal-(Oxide)-Semiconductor Interfaces

This section explains the electronic properties of metal-semiconductor (MS)
and metal-oxide-semiconductor (MOS) interfaces. A metal-semiconductor-
metal (MSM) junction combines two MS-interfaces, which share the same
semiconductor layer. Figure 1 (a) shows an illustration of a combined MSM and
MOS structure. The MSM junction is oriented horizontally and consists of a
silicon (Si) core between a layer of gold (Au) and a layer of titanium (Ti). In the
context of this work, the width of the silicon core layer is of the order of
w =100 nm. There is an additional silicon oxide (SiO;) layer and a gold cap on
the top of the MSM junction, which establishes a MOS interface in the vertical
direction. The individual metal structures form electrodes and are called gate
for the gold cap, drain for the gold contacting the silicon and source for the Ti
contact in analogy to a MOS field-effect transistor. The SiO; layer below the
gate will be called gate oxide in the following. The potential ¢(x,y) in the silicon
may be controlled by applying an external voltage Ups between the drain and
the source contact or Ugs between the gate and the source. The voltages Ups
and Ugs are counted positively from the drain (or the gate) contact with respect
to the source. The following sections explain the key aspects of this combined
MSM/MOS junction with respect to the band structure and to the charge
transport properties.

11
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Figure 1. Illustration of a combined metal-semiconductor-metal (MSM) / metal-oxide-
semiconductor (MOS) structure and of the associated band diagram. (a) The MSM part of the
structure consists of a silicon core between a layer of gold (drain contact) and a layer of
titanium (source contact) in a horizontal direction. In the vertical direction, there is an
additional silicon oxide layer and a gold cap (gate) on the top of the MSM junction, which
establishes a metal-oxide-semiconductor (MOS) interface. The voltages Ups and Ugs are
counted positively from the drain (or the gate) contact with respect to the source. (b) Band
diagram following the cut line in (a) of the Au-Si-Ti junction without an external voltage. The
difference of the metal work functions gw,au and ¢w,ti gives rise to a built-in potential gni. The
associated voltage drops across the silicon core of width w. The potential steps at the respective
MS interfaces gauri are determined by the difference of the work function ¢wand the electron
affinity ysi, as well as the band gap. The Fermi energy Wr is constant throughout the complete
junction if no voltage is applied. The slope of the silicon conduction band edge W¢ and of the
valence band edge Wy is mainly determined by the built-in potential ¢ni. Charges in the metals
can overcome the barrier either by thermionic emission or by tunneling, depending on their
energy. Thermionic emission is the direct transition of carriers over the barrier gauri if they
have an energy W > Wr + gaymi. Tunneling is the classically forbidden transition through the
barrier if the energy is W < We + gauri. This is exemplified for electrons in Au: The electrons
in the high-energy tail of the Fermi distribution can directly overcome the barrier (highlighted
in red), while the residual electrons can only attempt to tunnel. The emission of holes from the
gold and the emission of electrons from the titanium is strongly suppressed without an external
bias: The intrinsic field due to the built-in potential works against the carriers that attempt to
tunnel through the barrier.

12



2.2 Metal-(Oxide)-Semiconductor Interfaces

2.2.1 Band Structure

Figure 1 (b) shows the band structure of the MSM junction along a cut line from
the Au drain to the Ti source contact and through the silicon core. The trace of
the cut line is drawn in Figure 1 (a). The silicon core is weakly p-doped with an
acceptor concentration of Na =~ 10® cm™ to compensate for impurities. The
exact shape of the band structure is determined by the Fermi energy level W,
by the potential steps at the MS interfaces, and by the curvature of the silicon
conduction and valence band edges.

The Fermi energy level Wr must be constant across the entire junction in the
absence of external voltages. Before contact, the gold and the titanium exhibit
different work functions ¢w au and ¢w i respectively. Bringing gold, silicon, and
titanium in contact leads to an exchange of charges until the Fermi energy is flat
across the junction.

The net potential across the MSM junction that is created due to the charge
exchange is ¢ni = (dw.au — dwri)/e. The voltage associated with the built-in
potential only drops across the semiconductor. The metals are free of excess
charges except for a thin charged layer directly at the respective MS interfaces.

The MS interfaces constitute energy steps in the conduction and the valence
bands, which are defined by the differences of the Fermi energy W (dotted line)
and the band edges of the silicon (blue lines). The steps exist due to the band
gap, which prevents electrons and holes from the metals to enter the silicon. In
an ideal case, the barrier heights are determined by the difference of metal work
function ¢w and the silicon electron affinity ysi. The barrier height for electrons
at the Au-Si interface iS ¢@aue = dw—xsi. The barrier height for holes is
daun = dw — (rsi *Wasi). Note that ¢a,n has a negative sign because it is counted
negatively on the energy scale of electrons (W-axis). Analogous expressions
hold for the Si-Ti interface.

The actual barrier heights that can be encountered in real MS junctions typically
differ from the ideal case. The barrier heights strongly depend on the materials
and on the preparation of the surfaces. Surface states created by the
semiconductor processing or gold diffusion might significantly affect the actual
barrier height. The assumed barrier heights for the scope of this work are listed

13
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in Table 2. To confirm those assumptions, Appendix B.1 discusses an
experimental way to measure the barrier height at the Au-Si interface. Device
measurements and numerical analysis of the structure in Appendix C.2 allows
to determine the built-in potential ¢, The remaining quantities can be
calculated with the above relations. Hence, a full set of information about the
energetic properties of the Au-Si-Ti junction can be achieved.

At zero external voltages Ups =0 and Ugs =0, and away from the oxide-
semiconductor interface, the curvature of the silicon conduction band edge W¢
and the valence band edge Wy is mainly determined by the built-in potential @y;,
as the contribution from the free carrier densities n(y) and p(y) and the ionized
acceptor concentration N, in the silicon is negligible. We confirmed this
assumption by a numerical model of the entire MSM/MOS structure. The
following section explains our reasoning.

At the MOS junction, there is no carrier injection due to the zero-gate potential.
The silicon core is otherwise completely depleted of free carriers due to the
overlapping space-charge regions of both MS-interfaces. Hence, the influence
of the charge carrier densities n and p can be neglected. We confirmed this
assumption by a numerical model of the entire MSM/MOS structure. The
additional curvature of the band edges due to ionized acceptors in the space-
charge region can be obtained from considering the charge density p=—-eNj,.
When assuming a silicon core width w =100 nm, the potential due to the
ionized dopants is of the order of 10 mV, which is much smaller than the built-
in potential. It is hence fair to assume that the built-in potential dominates the
behavior of the band edges. In this case, the built-in potential drops linearly
across the silicon core and the electric field is constant. The flat-band condition
applies when the band edges are entirely horizontal. This can be achieved by
applying the built-in potential between the drain and the source contact
Ups = ¢pi. Section 2.2.2 and Chapter 5 discuss the influence of the voltages on
the band structure in more detail.

14
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Table 2. Barrier heights at the Au-Si and the Si-Ti interface and the resulting built-in
potential ¢ni. The data has been confirmed by measurements and numerical simulation.

Gold-silicon interface Barrier height
Electron barrier Paue 0.82eV [12,13]
Hole barrier dauh = Paue — Wo -0.29 eV
Silicon-titanium interface Barrier height
Electron barrier Prie 0.62 eV [14]
Hole barrier drin = drie — We -0.49 eV
Built-in potential across silicon Potential

obi = (daue — drie)le 02V

2.2.2 Hot Carrier Transport across Metal-Semiconductor-
Metal Junctions

The charge transport across the junction mainly depends on the presence of hot
carriers in the metal. Low-energy carriers near the Fermi energy level of the
metals cannot directly enter the silicon, as the band gap does not provide free
states. The band gap constitutes a current-blocking barrier. However, carriers
which feature a large enough energy can cross the silicon core.

To understand the underlying physical processes, it is helpful to approach the
topic in two steps. In a first step, analyzing the behavior of individual particles
at the MS interface allows to understand how single hot carriers can contribute
to a current across the junction. As a second step, analyzing the behavior of the
carriers as a statistical ensemble helps to understand how heated carrier “gases”
in the metals may contribute to the current. Heating of the carrier gas can occur
if hot electron-hole pairs relax and share their energy with the surrounding
electronic system. The following sections describe the details.

The transmission probability T(W) of a single electron at energy W attempting
to overcome a potential barrier strongly depends on the exact shape of the
barrier. For a simplified analysis, a rectangular step barrier with a barrier height
¢e and a barrier width w can be considered. We further neglect differences of
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the electron effective masses inside and outside of the barrier and set the
effective mass m" equal to the mass m, of the electron particle in free space.
With above simplifications, an analytical solution can be found by solving
Schrodinger’s equation for the wave function inside and outside of the barrier
and by considering the continuity of the wave function at the interfaces of the
potential barrier. The solution for the transmission probability is valid for the
complete energy range above and below the potential step barrier and is given
in one dimension by (page 48 in [10]):

-1

¢Bsinh(\2’ 2m (g —W)]
o W(k-W)

T(W)=|1 (20)

The following sections distinguish two different energetic regimes. Tunneling
applies if the carrier energy is below the barrier energy. Thermionic emission
applies when the carrier energy is above the barrier energy.

Tunneling, W < W; + s

Tunneling is the transition of carriers through energetically forbidden regions
of the barrier, i.e., for the case in which the carrier energy level W is smaller
than the energy level of the barrier, W < We + ¢s. Tunneling is possible in the
quantum regime due to the wave-like nature of carriers (section 1.5.7 in [10]).
The inset of Figure 2 shows an electron wave impinging on a step-like potential
barrier. Classically, the electron is forbidden to enter the potential barrier. In a
quantum picture, however, the tail of the carrier wave function penetrates into
the barrier and exponentially decays along the barrier width. If the barrier is
sufficiently small, the probability density of the carrier at the far end of the
barrier is still large enough to enable the transition of the carrier. Figure 2 shows
the transmission probability T(W) for a rectangular barrier for widths of
w =1 nm and w = 10 nm according to Equation (20). Although the ratio of the
barrier thicknesses is only 1:10, the transmission probability is virtually zero for
the case of the thicker barrier, while it is significantly larger for the thin barrier.
This demonstrates the high sensitivity of the tunneling process to the barrier
width. The transmission probability only becomes significant when the carrier
energy W approaches or exceeds the energy level of the barrier We + ¢g.
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Figure 2. Transmission probability T(W) for an electron at energy W attempting to overcome
a rectangular barrier with a barrier height ¢s in one dimension. The blue line depicts the
probability in the case of a thin barrier of width w = 1 nm while the red line refers to the case
of w=10nm. The energy range W < ¢g is the tunneling domain. Here, the transmission
probability is significantly smaller than 1. Although the ratio of the two barrier widths is only
1:10, the transmission probability is virtually zero for the case of the thicker barrier when
W < ¢g. For W > g, in the domain of thermionic emission, a direct transition across the barrier
without tunneling becomes possible. For these direct transitions, the classically expected
probability is one. This is not the case here due to the wave properties of the carriers. The inset
shows the transmission of a wave with amplitude W, and energy W < ¢g through a barrier. The
particle influx is proportional to j ~ " d‘{’/dx—‘Pd‘{‘*/dx. The wave enters the barrier and
its amplitude \‘{’0\2 is exponentially decreasing inside the barrier. The transmission probability
is T < 1. The wave is partly reflected, leading to a standing wave of the probability density in
front of the barrier.

Note that the analysis of Equation (20) constitutes only a simplified view and
omits several constraints that influence the transmission probability at real
interfaces. First, the effective masses m* at the MS interfaces are discontinuous,
causing additional reflection of waves. Furthermore, the statistical momentum
and the energy distribution of the carriers in three dimensions must be
considered to determine the number of available carriers for tunneling. Only the
fraction of carriers that feature a momentum component towards the potential
step can attempt to tunnel. Tunneling is especially relevant for asymmetric
structures that exhibit rectifying characteristics under bias, like MS interfaces
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or Zener diodes. Large biases progressively reduce the effective barrier width.
If large enough voltages are applied, the tunneling probabilities can become so
large that the rectifying behavior of the junction disappears, and the interface
behaves like an ohmic conductor.

Thermionic Emission W > W; + ¢g

Thermionic emission is the direct transition of high-energy carriers across the
barrier, i.e., tunneling is excluded. This is possible if the carrier energy W
exceeds the energy level of the barrier at We + ¢g and if the carrier travels in
the direction of the barrier. Hence, only hot carriers can enter the
semiconductor. Considering a hot carrier gas at a single MS interface at
temperature T, the current from the metal into the semiconductor due to
thermionic emission is (page 47 in [10])

* e
Jiss :—ATzexp(—%j. (1)

In this relation, A* is the effective Richardson constant and depends on the
semiconductor’s effective masses. For a MSM junction in thermal equilibrium
and without external voltages U = 0, the total thermionic emission currents from
all individual MS interfaces and carrier species must be zero,

Jre = 2 Jnos = 0.
Au-Si, Si-Ti

Classically, all carriers with W > Wg + ¢g would overcome the potential barrier.
However, this is not the case in the quantum domain. The transmission
probability in Figure 2 shows an oscillatory behavior for energies W > Wg + ¢g.
This is due to standing waves that emerge in the barrier, similar to the behavior
of light in a Fabry-Pérot-etalon.

Applying a voltage Ups # 0 to an MSM junction allows to control the relative
thermionic emission current at each MS interface (note: The gate voltage is
Ugs = 0 and there is no carrier injection from the MOS junction). Figure 3 shows
the band structure of an MSM junction with an external bias voltage at the drain-
source contact which is larger than the built-in potential Ups > ¢pi. The Fermi
energy levels in the metals are now separated by eUps. The band edges of the
silicon are slanted upwards from the gold to the titanium and do not feature any
parabolic bending. The electric field in the silicon is constant across the whole
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core E = (Ups — ¢ni)/w. The electron and hole distributions are depicted for each
metal separately. The contribution from each carrier species to the total
thermionic-emission particle current is affected by the shape of the band edges
after the voltage is applied.
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Figure 3. Thermionic emission ina MSM junction at a positive bias voltage Ups. The particle
currents for each carrier species in each metal are depicted. The reference potential is on the
titanium electrode. The band edges in the silicon are slanted due to the voltage. The tilted band
edges affect the ability of carriers in the metals to overcome the barriers and to reach the
opposite metal side. Even high-energy electrons in the gold are blocked from reaching the other
metal: If they enter the silicon, they are repelled back from the electric field into the gold. The
shape of the silicon conduction band edge appears as an additional barrier with an effective
barrier height ¢aueer. Electrons have to feature at least an excess energy of
WE + dauve + €(Ups—obi) to reach the titanium. Even then, scattering in the silicon will cause
energy loss, further reducing the chances of reaching the titanium. A similar situation applies
for the holes in the titanium, which encounter the effective barrier height ¢rinefr. The holes are
impeded from reaching the gold. Conversely, holes in the gold and electrons in the titanium
are neither affected by the increased effective barrier height nor by scattering inside the silicon.
Neglecting recombination in the silicon, any of those carriers that enters the silicon due to
thermionic emission reaches the metal on the opposite side due to the pull of the electric field.
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Electrons in the gold with an energy W >We + ¢aye Can enter the silicon.
However, the electric field works against their movement and pulls them back
towards the gold. The electron emission is blocked by a new effective barrier
with a height of approximately

¢Au,e,eﬁ = ¢Au,e +Ex (U DS ~ i ) . (22)

Furthermore, the core width w is larger than the typical mean free path of
carriers in the silicon, such that they scatter and lose their energy. Hence, even
carriers that could provide sufficient energy to overcome the effective barrier
W >¢Auyeyeﬁ are impeded in reaching the titanium.

Considering the conditions at the entire junction when increasing the applied
voltage, electrons in the gold and holes in the titanium do not contribute
anymore to the total thermionic emission current. The emission currents of holes
in the gold and of electrons in the titanium are not affected.

Photoelectric Emission

Fowler investigated the photoelectric emission from metals into the vacuum and
the dependency of the emission on the photon energy #%w [15]. Electrons in
metals face a potential barrier at the boundary between the metal and the
vacuum, which prevents them from leaving the metal. The barrier extends until
the energy level yo, which is the energy level that carriers need to overcome to
enter the vacuum: An electron in a metal with an initial energy W absorbs a
quantum of light with energy 7w and is elevated to a higher energy level
W + 7iw. If the final carrier energy is larger than the total barrier height yo, i.e.,
W + 7iw > yo the carrier can escape the metal and enter the vacuum state. The
work function ¢w is the energetic separation between the Fermi energy and the
vacuum level. It defines the smallest barrier that electrons must overcome to
leave the metal. The photon energy must be larger than the work function
hw > ¢gw to create photoelectric emission, neglecting the spread of the
occupation probability from 0.88 to 0.12 within 4kT = 100 meV around the
Fermi energy at room temperature.
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Fowler evaluated the number of electrons Ng with sufficient energy to
contribute to photoelectric emission for a given metal and photon energy 7w.
He considered an electron gas distributed according to the Fermi-Dirac statistics
f(W) in the metal. He assumed a square-root dependency for the density of states
N(W) similar to Equation (6) and integrated the carrier energy distribution
starting from the lowest possible escape energy W > yo — fiw up to infinity. He
thus found that Ng depends on the work function g, the total height of the
barrier yo and the photon energy 4w [15]

© _ 2
Ng= [ N(\N)f(W)dW~(hw—¢W)2/2. 23)

Xo—ho (}(0 —ho
Fowler assumed that the photoelectric emission current Ip under constant
illumination is proportional to Ng.

We assume that Fowler’s theory for photoelectric emission from metals into
vacuum can also be applied to the case of internal photoemission at a metal-
semiconductor interface. At the MS interface, the electrons have to overcome
the barrier to the semiconductor and enter the conduction band as opposed to
the vacuum level. To account for this difference, we exchange the work function
by the barrier height in Equation (23), dy — g . For internal photoemission,
the total barrier height yo is not a meaningful parameter as it is much larger than
the photon energy y, > hw.

Internal photoemission becomes more complex in an MSM junction, because
electrons and holes from either metal may contribute to the overall current, all
of which are subject to different barrier heights. We assume that Equation (23)
still holds for each MS interface individually, but does not describe the total
emission current in the MSM junction. In Appendix B.2, we describe the
conditions under which Equation (23) can still be applied to analyze
photoelectric currents from Au-Si-Ti junctions.

2.2.3 Carrier Densities in the Silicon Core

We now consider the possible influence of a gate voltage, i.e., the charge carrier
densities n and p in the silicon core of the MSM structure in Figure 1 (a) and
their dependencies on the applied gate voltage are investigated.
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Table 3. Charge carrier densities n and p at the MS interfaces for zero bias, Ups =0 and
Uss = 0. The effective densities of states are assumed to be Nc=3.2 x 101 cm™ and
Nv = 1.8 x 10'® cm™. The temperature is T = 293 K and kT = 25.3 meV.

Gold-silicon interface Charge carrier density at the interface
. _ ¢Au,e _ 5 -3
Electron density n=Ncexp - 2.6x10°cm
. _ ¢Au,h _ 014 -3
Hole density p=Nyexp| - T =1.9x10"cm
Silicon-titanium interface Charge carrier density at the interface
. _ Prie | 8 3
Electron density n=Ncexp| - ol 7.1x10°cm
¢ri _
Hole density p=Ny, exp[— k'll"h 