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Abstract 
Nowadays, an industrial requirement of ultra-fast optical interconnects has been set out for 

silicon photonics’ technology, as metallic wire-based electrical interconnects face severe 

challenges including substantial loss, crosstalk and power dissipation in advanced CMOS 

technology nodes. An essential component for optical interconnections is scalable high-speed 

photodetectors as the receivers that can be integrated on the chip. Miniaturization of the 

semiconductor photodetector would dramatically enhance its bandwidth, but at the cost of 

responsivity due to a shortened absorption length. This so-called efficiency-speed trade-off is 

an obstacle for combining the compactness of an electronic circuit with the bandwidth of a 

photonic network. Although, very fast photodetectors based on group Ⅲ-Ⅴ materials have been 

reported, their integration into mature Si platform technology is a major challenge for large-

scale implementation. Thus, from the material side, germanium is an obvious choice for the 

realization of a high-bandwidth on-chip photodetector, since it provides high charge carrier 

mobility, compatibility with CMOS technology and a small bandgap covering the established 

telecommunication C-band. 

Further advances in addressing the bandwidth-quantum efficiency trade-off may rely on 

plasmonics, which can concentrate electromagnetic energy well below the diffraction limit, 

into structures as small as a few tens of nanometers. Plasmon assisted metal/semiconductor 

hybrid devices have proven to be particularly suitable for this purpose. Such devices use 

ultimately hot charge carriers, arising from non-radiative plasmon decay at the 

metal/semiconductor interface, to directly generate a detectable current. Self-powered hot-

carrier photodetectors, which have the capability of generating a net photocurrent at zero bias 

are of particular interest in order to reduce the power consumption of the overall optical link.  

However, without detailed understanding of the underlying mechanisms of plasmon-induced 

hot carriers transfer and transport dynamics at the metal-semiconductor interface, proper 

material matching and design considerations are extremely challenging. Here, monolithic 

metal-semiconductor-metal heterostructures, involving Al-Ge-Al or Al-Si-Al, are employed as 

a research platform. The fabrication of such monolithic metal-semiconductor heterostructures, 

with atomically sharp interfaces, could be achieved by a process we developed based on a 

thermally induced solid-state exchange reaction.  

Light absorption, surface plasmon generation and separation of hot charge carriers arising from 

the non-radiative decay of surface plasmons is realized in a monolithic Schottky barrier field 

effect transistor. Such electrostatic gated heterojunction devices enable to tune the effective 
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barrier height at the abrupt metal-semiconductor interface to control the plasmon-induced hot 

carrier injection. Further the monolithic Al leads perform a dual function and simultaneously 

carry both optical and electrical signals, giving rise to exciting new capabilities.  

Aluminum have been chosen as it is CMOS compatible and is excellent for plasmonics, 

because of its broad response spectrum from ultraviolet to infrared, and a self-limiting native 

oxide layer protecting the metal surface. 

For such devices some novel physical phenomena related to the dynamics of hot carriers inside 

the germanium channel are demonstrated, including negative photoconductivity and detectors 

with superlinear responsivity. An ultra-scaled prototype device with a deep-sub-micrometer 

scaled Ge channel comprises in effect a hot-carrier photodetector with a ballistic carrier 

transport, enabling a bandwidth of 50 GHz at 1560 nm at notably zero bias.  

Using an Al-Si-Al device with splitgate architecture, effective charge separation of the 

plasmonically injected hot charge carriers could be demonstrated for the first time, thus 

demonstrating a function comparable to that of an on-chip photovoltaic device. 

 

  



 

V 

Kurzfassung 
Aktuell wir intensiv an ultraschnellen optischen Signalleitungen geforscht, da die 

Metallisierung fortgeschrittener CMOS-Technologieknoten zunehmend mit erheblichen 

Verlusten und der Problematik des Übersprechens konfrontiert ist. Eine Schlüsselkomponente 

für optische Signalleitung sind skalierbare Hochgeschwindigkeits-Photodetektoren als 

Empfänger, die auf dem Chip integriert werden können. Die Miniaturisierung eines 

Halbleiterphotodetektors würde seine Bandbreite drastisch erhöhen, allerdings auf Kosten der 

Empfindlichkeit aufgrund der einhergehenden Verkürzung der Absorptionslänge. Dieser so 

genannte Effizienz-Geschwindigkeits-Kompromiss erschwert die Kombination der 

Kompaktheit elektronischer Schaltungen mit der großen Bandbreite eines photonischen 

Netzwerks. Obwohl bereits sehr schnelle Photodetektoren auf der Basis von Ⅲ-Ⅴ-Materialien 

entwickelt wurden, stellt deren Integration in die ausgereifte Siliziumtechnologie eine große 

Herausforderung für die technische Umsetzung dar. Von der Materialseite her ist für die 

Realisierung eines On-Chip-Photodetektors mit hoher Bandbreite besonders Germanium 

geeignet, da es eine hohe Ladungsträgerbeweglichkeit, CMOS-Kompatibilität und eine kleine 

Bandlücke aufweist, die das etablierte C-Band der Telekommunikation abdeckt. 

Für die Kombination von Bandbreite und Quanteneffizienz erweist sich Plamonik als nützlich, 

da hierbei elektromagnetische Energie in nur einige zehn Nanometer große Strukturen 

konzentrieren werden kann, also weit unterhalb der Beugungsgrenze des Lichts.  

Plasmonische Metall-Halbleiter-Hybridbauelemente haben sich für diesen Zweck als 

besonders geeignet erwiesen. Solche Bauelemente nutzen letztlich die heißen Ladungsträger, 

die beim nicht-strahlenden Plasmonenzerfall an der Metall/Halbleiter-Grenzfläche entstehen. 

Sogenannte Hot-Carrier-Photodetektoren, die in der Lage sind, bei Nullvorspannung einen 

Nettophotostrom zu erzeugen, sind dabei von besonderem Interesse, um den Stromverbrauch 

der gesamten optischen Signalverarbeitung zu verringern.  

Ohne ein detailliertes Verständnis der zugrundeliegenden Mechanismen des 

plasmoneninduzierten Transfers von heißen Ladungsträgern und der Transportdynamik an der 

Metall-Halbleiter-Grenzfläche sind die richtige Materialanpassung und Designüberlegungen 

der entsprechenden Bauteile jedoch eine große Herausforderung.  In dieser Arbeit wurden 

monolithische Metall-Halbleiter-Metall-Heterostrukturen mit Al-Ge-Al oder Al-Si-Al als 

Forschungsplattform eingesführtt. Die Herstellung solcher monolithischer Metal-

Halbleiterheterostrukturen mit atomar scharfen Grenzflächen konnte durch einen von uns 

entwickelten Prozess erreicht werden der auf einer thermisch induzierten 
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Festkörperaustauschreaktion beruht. 

Die Lichtabsorption, die Erzeugung von Oberflächenplasmonen und die Detektion der heißen 

Ladungsträgern, die durch den nicht-strahlenden Zerfall von Oberflächenplasmonen entstehen, 

werden in einem monolithischen Schottky-Barrieren-Feldeffekttransistor realisiert. Diese 

ermöglichen es, die effektive Barrierenhöhe an der Metall-Halbleiter-Grenzfläche einzustellen, 

und damit die plasmoneninduzierte Injektion heißer Ladungsträger zu steuern.  Darüber hinaus 

erfüllen die monolithischen Al-Metallisierung eine Doppelfunktion und leiten gleichzeitig 

optische und elektrische Signale, was zu interessanten neuen Möglichkeiten führte. 

Aluminium wurde verwendet da es CMOS-kompatibel ist und sich aufgrund seines breiten 

Einsatzspektrums von Ultraviolett bis Infrarot sowie einer selbstbegrenzenden nativen 

Oxidschicht zum Schutz der Metalloberfläche hervorragend für die Plasmonik eignet. 

Für solche Bauelemente wurden einige neuartige physikalische Phänomene im Zusammenhang 

mit der Dynamik heißer Ladungsträger im Germaniumkanal nachgewiesen, darunter negative 

Photoleitfähigkeit und Detektoren mit superlinearer Empfindlichkeit. Ein ultraskalierter 

Prototyp mit einem Ge-Kanal im Submikrometerbereich erwies sichals Hot-Carrier-

Photodetektor mit ballistischem Ladungsträgertransport, der eine Bandbreite von 50 GHz bei 

1560 nm und Nullvorspannung ermöglicht.  

Unter Verwendung eines Al-Si-Al-Bauelements mit Splitgate-Architektur konnte erstmals eine 

effektive Ladungstrennung der plasmonisch injizierten heißen Ladungsträger demonstriert 

werden und damit eine Funktion, die mit der eines On-Chip-Photovoltaik-Bauelements 

vergleichbar ist. 
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Chapter 1 
Introduction 
Silicon (Si) based electronics has proceeded with an impressive success of economic and 

technological advancements, supporting the information age we enjoy today. One of the most 

important cornerstones thereof are integrated circuits (ICs), enabling the miniaturization and 

integration of electronic components into a single chip realizing successfully smaller, faster 

and more functional devices, for instance, computers and mobile phones. The driving force 

behind the exponential development of ICs is famously known as Moore’s law (Figure 1.1), 

introduced by Gordon Moore in 1965, which implies that the number of transistors on a logic 

chip would double roughly every two years.  

 

  
Figure 1.1 The number of transistors in one microprocessor from 1970 to 2020. Image adapted 

from König K. et al.[1]. 

 

Since Si as the basic material of ICs firstly was used in microelectronics in the 1950s, Moore’s 

law has held true for 50 years. In the last decade, the development has slowed down somewhat, 

as physical limitations become more and more serious. For example, the Apple A14 Bionic is 

manufactured by TSMC on a 5 nm process node with a transistor count of 11.8 billion (Figure 
1.1). These transistors are fabricated in FinFET architecture with the gate fully wrapped around 
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the channel on three sides to minimize short channel effects like leakage current of the gate 

DIBL(drain induced barrier lowering)[2]. Apart from short channel effects, another challenge 

which results with scaling is the RC delay of the metal interconnects. Figure 1.2a and b 

demonstrate the complexity of metal interconnects comprising multiple stacked layers.  

 

 
Figure 1.2 Scanning electron microscopy images showing (a) the cross-sectional (adapted 

from Edelstein D. et al.[3]) and (b) global view of modern ICs interconnect architecture 

(adapted from Venkatesan S. et al.[4]). (c) Delay time determined by the feature size of 

interconnect metal wires for transistors. The inset demonstrates the derivation process of the 

RC delay for thin metal wires. Image adapted from Loke A. et al.[5].  

 

Taking the Apple A7 application processor as an example, the total length of metallization 

wires would be approximately 20 kilometers if stretching out and measuring all metal wires. 

Besides, due to the tiny dimensions of transistors, the cross-section of connecting copper wires 

is also ultra-small. Therefore, according to Ohm law, the resistance for such metal 

interconnects becomes intrinsically large. In addition, boundary scattering and surface effects 

are further significant factor to increase the resistance of such thin metal wires. Meanwhile, the 

capacitance increases as well, because of the reduced spacing between the wires. Consequently, 

the RC delay of metal interconnects becomes an apparent issue limiting the computing speed 

of advanced microchips, counteracting the scaling to enhance the operating speed (Figure 
1.2c). 

One of the promising alternatives to metal interconnects are optical interconnects, which 
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typically consists of a laser, a modulator, a waveguide, and a photodetector, as well as some 

electrical circuits for encoding and decoding the signal. The transmitter comprised of a laser 

and a modulator emits the coded optical signal. The waveguide transports such signal, and 

finally the photodetector acts as the receiver converting the optical signal to the electrical one, 

which can then be decoded by the electrical circuit[6]. Compared to metal interconnects, optical 

interconnects carry out potential advantages in bandwidth, and power consumption for global 

signaling. However, the main challenge for miniaturizing optical components results due to the 

diffraction limit of light, which prohibits confinement of electromagnetic waves below the 

wavelength in the material. For instance, the smallest dimension of the Si waveguide should 

not be below 200 nm (i.e. λ/2n ~200 nm with n = 3.5 at λ =1550 nm) for guiding infrared light 

in the C-band region. Therefore, using optical interconnects would result in a large footprint of 

individual optical components and a low integration level, which is far behind the advance of 

modern electronics. Also due to this trade-off between footprint and performance, shrinking 

the dimension of CMOS image sensors below the sub-micrometer region challenges. 

Consequently, there are great efforts to combine the desirable compactness of electronics with 

the remarkable bandwidth of photonics. Figure 1.3 demonstrates the relationship between 

critical dimensions and the operating speed for different interconnect techniques, including 

electrical, optical and plasmonic ones. 

 

 

Figure 1.3 The comparison of various interconnect methods with respect to device size and 

operating speed.  Image adapted from Zia R. et al.[7]. 

 

Although incredible improvements have been realized in terms of integration density, 

electronics still suffer from the RC-delay issue, causing extreme challenges for manufacturing 

ICs surpassing an operation speed >10 GHz. As discussed before, photonic networks feature 
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large footprints originating from the diffraction limit of light, despite they have high bandwidth. 

Clearly, plasmonics is regarded as one cutting-edge technology with the potential to surmount 

the speed-footprint trade-off, thereby becoming the next-generation chip-scale technology. 

Surface plasmons are denoted as collective oscillations of electrons propagating on the surface 

of metallic nanostructures responding to incident electromagnetic waves. Generally, via this 

technology, visible and even infrared light can be confined to several nanometers, and the 

limitation lies in the crystal structure of the metal and the dispersion of the incident 

electromagnetic waves. 

Owing to the potential to increase the operation speed and keeping the advance of the compact 

footprint, the application of plasmonics for ICs has gained enormous research interests, 

accompanied by the rapid developments of related on-chip components (Figure 1.4).  

 

 
Figure 1.4 Various plasmonic devices expanding the field of silicon technology. Images for 

light emitter[8], modulator[9], waveguide[10], ring resonator[11], detector[12] and coupler[13] 

are adapted from the respective literatures. 

 

Following the former route of on-chip optical networks, plasmon-based light emitter[8], 

modulators[9], waveguides[10], ring resonators[11], detectors[12], and couplers[13], have 
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been explored, preparing the basis for future optoelectronic ICs. The plasmonic function in the 

essential components shall be briefly described here 

(ⅰ) Light emitter: Si is an extremely ineffective light emitter due to the indirection bandgap. A 

plasmon cavity can efficiently increase the phonon-assisted recombination of hot carriers 

enabling effective luminescence of Si-based diodes.  

(ⅱ) Modulator: The phase or magnitude of a surface plasmon polariton (SPP) has been 

effectively modulated by employing the thermo-optic effect[14], the Pockels effect[15] or the 

plasma dispersion effect[16], enabling high-speed, ultra-compact and power efficient electro-

optic modulation. 

(ⅲ) Waveguide: In order to facilitate SPPs’ propagation over a substantial distance, the 

geometry of surface plasmonic waveguide requires a proper design, due to the trade-off 

between confinement and propagation length. 

(ⅳ) Ring resonator. The aim of integrating a plasmon ring resonator on the chip is to select the 

SPP of the resonant wavelength and simultaneously amplify its intensity, due to constructive 

interference enabled by the geometry of the closed loop.  

(ⅴ) Detector: A plasmonic structure can enhance the light absorption in semiconductors due to 

its capacity to concentrate light[17]. A further very sensitive type of plasmon assited 

photodetector, utilizes hot carriers originating from the non-radiative decay of SPPs[18]. 

(ⅵ) Coupler: A well designed antenna enables the effective conversion of photonic modes to 

SPPs at the target wavelength[19]. 

 

This thesis will mainly focus on the plasmon coupler and waveguide as well as plasmon 

assisted photodetection. The schematic in Figure 1.5 illustrates the fundamental structure of a 

plasmonic Al-semiconductor-Al heterostructure device, employing oval trenches, Al feed 

lines, and a group-Ⅳ semiconductor (i.e. Si or Ge) segment acting as plasmon coupler, SPP 

waveguides, and plasmon photodetector, respectively.  

Aluminum (Al) have been chosen as it is CMOS compatible and is excellent for plasmonics, 

because of its broad response spectrum from ultraviolet to infrared[20], and a self-limiting 

native oxide layer protecting the metal surface. Due to their ubiquity in electronics, Si and Ge 

were selected as the active base materials of the proposed plasmonic on-chip heterostructure 

devices. Current Si-based ICs technology already uses nanoscale metallic structures, such as 

Al interconnects[21], to route electronic signals between transistors on a chip. This mature 

processing technology can thus be used for integrating plasmonic devices with their electronic 

and dielectric photonic counterparts. 



INTRODUCTION 

6 

 

Figure 1.5 Schematic of a monolithic plasmon device assembled by two plasmon trenches and 

Al-Semiconductor-Al heterostructure. The whole hot-carrier photodetection process is 

comprised of four main steps: ① the generation of SPPs at the plasmon trench, ② the 

propagation of SPPs along the Al feed line, ③ the injection of hot carriers at the 

Al/semiconductor interface and ④ the transport of hot carriers inside the semiconductor 

channel. 

 

Furthermore, on account of momentum matching, a monolithic metal-semiconductor-metal 

device architecture is employed. Due to the different dielectric constants between the metal 

and the semiconductor in momentum space, only charge carriers in a limited escape cone can 

be injected into the semiconductor segment[22]. Compared to most common structures in 

which metal pads are deposited atop of the semiconductor segment, a well-aligned interface 

apparently provides a broader escape cone for hot-carrier injection.  

The aim of this PhD thesis is to investigate and understand the fundamental mechanism of 

plasmon-induced hot-carrier generation and detection. The ultimate goal is to realize a compact 

and ultra-fast plasmon and/or photodetector. The studies are undertaken in a spatial sequence, 

that is, the generation of SPPs at a plasmon coupler, the propagation of SPPs along the Al feed 

line, the injection of hot carriers at the metal/semiconductor interface and their transport 

dynamics inside the semiconductor channel. Finally, ultra-fast response is realized by a 

compact device with the channel length of less than 100 nm following ballistic transport.  
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In chapter 2, some related background knowledges, including the basic properties of used 

semiconductors and carrier transport, are introduced. Further, the theory of light-matter 

interaction as well as the working principle of common semiconductor photodetectors and hot-

carrier detectors are discussed. In chapter 3, the main device fabrication steps as well as 

measurement procedures are described. In chapter 4, the experimental results are discussed. In 

particular, firstly the advance in the manufacturing of the plasmon coupler by a thermal induced 

solid phase reaction is introduced. Following that, the monolithic Al waveguide is 

characterized. Subsequently, some novel phenomena in terms of transport dynamics, including 

photogating effect, superlinear photo-electronic scheme and the selective injection of hot 

electrons/holes, are investigated. The picosecond kinetics of the overall plasmon system is 

studied by a modified pump-probe cross-correlation method. 
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Chapter 2 
Theory 
This chapter carries out a comprehensive discussion about the theoretical background for this 

thesis. It involves material properties, theory of carrier transport in semiconductors, light-

matter interaction and particular optoelectronic device. The first part provides a brief 

introduction about the basic properties of Si, Ge and Al. Afterward, the subsequent one 

discusses the transport dynamics of charge carriers moving inside semiconductors, as well as 

crossing the p-n junction or the Schottky junction. Further, light-matter interaction is 

introduced, involving light-semiconductor and light-metal interaction. The final section 

exhibits the working mechanism of a conventional semiconductor photodetector and the 

plasmon-induced hot-carrier photodetector. 
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2.1 Materials 
2.1.1 Silicon 
The 21st century also has been denoted as the Si age, owing to the massive contribution of 

elemental Si to the modern world economy. Si is particularly one of the most important 

materials in the ICs industry, originally also due to the excellent properties of silicon dioxide 

(SiO2) which serves as a perfect insulator, passivating dangling bonds at the semiconductor-

oxide interface. In the earth’s crust Si is the second most abundant element by mass, although 

the pure element rarely occurs. However, through distillation techniques and using a float zone 

or Czochralski process[23], Si can be purified and single crystalline up to 12-inch wafers can 

routinely be fabricated.  

Si is an element of the fourth main group and is located at the 14th position in the periodic table 

of elements. Therefore, a Si atom with four valence electrons generally connects to other atoms 

by four covalent bonds. Figure 2.1 illustrates the main polytype of Si crystalline structure in 

the cubic diamond lattice. 

 

 
Figure 2.1 Schematic of the diamond cubic lattice structure of Si, which can be considered as 

two intersected face-centered cubic (FCC) lattices compositing atoms A (grey) and B (black). 

The primitive cell is built by the fundamental vectors a⃗  , a⃗  and a⃗  with aSi = 0.543 nm. Image 

adapted from Glassner S.[24]. 
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The fundamental vectors in the cubic diamond lattice are defined as 

  �⃗�  =   
011  ,   �⃗� =   

101   and   �⃗� =   
110  (2.1) 

Thereby, any lattice point can be expressed by the linear combination of the fundamental 

vectors 

 �⃗� = 𝑖 ∙ �⃗� + 𝑗 ∙ �⃗� + 𝑘 ∙ �⃗�  (2.2) 

The Brillouin zones are defined as the elementary cell of the reciprocal lattice, wherein the 

corresponding fundamental vectors b⃗  , b⃗  and b⃗  can be derived from that of the unit cell a⃗ 

 B⃗ = 2π ⃗ × ⃗( ⃗ × ⃗ )∙ ⃗   (2.3) 

with the indicators i, j, k being affected by cyclic rotation. The first Brillouin zone of Si contains 

the six equivalent ellipsoids corresponding to the degenerate conduction band minima which 

positions along the ∆  lines (see Figure 2.2a). Figure 2.2b illustrates important lines and 

directions in one quadrant of the first Brillouin zone. The ∆ line indicates the direction from 

the zone origin point Γ towards the boundary point X. 

 

 
Figure 2.2 (a) The first Brillouin zone of Si involving 14 faces. (b) One quadrant of the first 

Brillouin zone. The origin of the coordinate system situates at the Γ-point. The center of the 

square and hexagonal faces locates at the X and L points, respectively. The direction from Γ 

towards X, L and K is represented by the lines ∆, Λ and Σ, respectively. Image adapted from 

Glassner S.[24].   

 

If the wave vector k⃗  of electrons in the conduction band is equal to that of holes in the valence 

band, the band gap thereof is referred to as a direct one. By contrast, indirect bandgap 

semiconductors manifest in different wave vectors k⃗, and Si is the typical one with the bandgap 
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of Eg = 1.12 eV at room temperature derived from the maximum of the valence band at the Γ-

point to the minimum of the conduction band close to the X-point. The gap decreases with 

increasing temperature following 

 ∆𝐸 = − ∙    (2.4) 

with material specific parameters of α = 4.9 × 10-4 eV/K and β = 655 eV/K for Si. Figure 2.3 

depicts the corresponding band structure of Si.  

 

 

Figure 2.3 Band structure of Si with the band gap of Eg = 1.12 eV. Image adapted from 

Glassner S.[24]. 

 

Bulk Si commonly features a six-fold degenerate conduction band with the minimum located 

around the X-point. Furthermore, the second minimum exactly positions at the X-point with an 

energy difference of only 0.1 eV, compared to the first minimum. But the maximum of the 

valence band is at the Γ-point, resulting in an indirect gap of Eg = 1.12 eV. Nevertheless, the 

corresponding direct gap at the Γ-point is 3.4 eV, which apparently exceeds the indirect gap by 

far.  

 

2.1.2 Germanium  
Ge is also an indirect bandgap group Ⅳ semiconductor located at the 32nd position in the 

periodic table of elements, and its melting- and boiling points are at 1211 K and 3107 K, 

respectively. Ge occurs mainly in mineral compounds such as argyrodite or germanite. Similar 

to Si, Ge crystallizes in a diamond lattice as well, with a lattice constant of aGe = 0.566 nm, as 

shown in Figure 2.4(a).  
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Figure 2.4 (a) Schematic of the Ge diamond lattice structure with the lattice constant of aGe = 

0.566 nm. (b) Band structure demonstrates that Ge is an indirect band gap with Eg = 0.66 eV. 

Image adapted from Bartmann M. G.[25].  

 

Figure 2.4(b) demonstrates the band diagram of Ge at room temperature, with an indirect 

bandgap of Eg = 0.66 eV at the L-point minimum and a direct bandgap of EΓ = 0.8 eV located 

at the Γ-point. Due to the small difference between the two bandgaps, alloying with Sn or 

applying high tensile strain in suspended Ge structures can enable the transition of Ge to a 

direct bandgap semiconductor enabling even Ge based laser[26,27].  Compared to Si, Ge has 

larger carrier mobilities (i.e. µn = 3800 cm2⸱V−1⸱s-1 for electrons and µp = 1820 cm2⸱V−1⸱s-1 for 

holes). The first transistor fabricated by Shockley Bardeen and Brattain in 1947 was based on 

Ge. However, in the past decades Ge was not as widely used as Si in the transistor industry. 

The main reason is the high quality of the silicon oxide, compared to Ge, that serves as a good 

insulator and naturally passivates dangling bonds at the semiconductor-oxide interface. The 

species of germanium oxide are much numerous and complex including Ge dioxide (GeO2), 

Ge monoxide (GeO), Ge2O3 and Ge2O[28]. It was verified that the electrical properties of the 

interface for Ge are mainly determined by the composition of these sub-oxides. Many strategies 

have been provided to achieve a high-quality GeO2/Ge interface, as the GeO2 performs higher 

quality to reduce surface trapping[29]. The surface states can be classified mainly into two 

groups with respect to the detrapping time: fast surface states and slow surface states (Figure 

2.5). The empty surface states are neutral and may capture electrons, thus the filled traps 

become negatively charged.  Fast surface states are situated near the interface between GeOx 

and bulk Ge, which can easily be filled by electrons and the detrapping time is in the scale of 
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microseconds[28]. The slow surface traps inside the germanium oxide GeOx require a 

tunneling-assisted process to capture electrons. Therefore, the detrapping time of electrons re-

emitted from the slow surface states can be up to minutes[28]. 

 

 
Figure 2.5 (a) Schematic diagram with respect to the surface traps of Ge. (b) A comparison of 

the density and detrapping time 𝜏  for fast and slow surface traps. Image adapted from 

Staudinger P.[30].  

 

Nevertheless, as for the sub-45 nm technology nodes high-k dielectrics were employed as gate-

oxides, and the advantage of a high-quality oxide was no longer crucial, making Ge a promising 

candidate for future high-performance transistors again. Moreover, Ge can be employed as a 

material for different optical systems in the infrared region such as infrared (IR) 

spectrometers[31]. Further, germanium oxides are applied for the fabrication of wide-angle 

camera lenses and microscope objectives due to a high index of reflection and dispersion. 
Besides, due to the high absorption coefficient of Ge in the wavelength range between 800 nm 

and 1550 nm, it is an interesting candidate for optoelectronic applications, especially for IR  

photodetectors[32] as well as efficient IR absorbers for tandem solar cells[33].  

 

2.1.3 Aluminum 
Al is a metal located at the 13th position in group Ⅲ of the periodic table of elements with 

melting- and boiling points at 933 K and 2790 K, respectively. Al crystallizes in the FCC lattice 

with a lattice constant of aAl = 0.405 nm (see Figure 2.6a). It is clearly seen in Figure 2.6b that 

no band gap inducts for Al with the minimum of the conduction band being lower than the 

maximum of the valence band. Elemental Al does not occur in nature due to the high chemical 

reactivity, although it is the most abundant metallic element in the earth’s crust. Hence it always 

occurs in compounds, for example, feldspar, bauxite core or granite. Nowadays, Al with 

approximately 99.99% purity is extracted from the ore bauxite by energy-intensive electrolysis.  
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Figure 2.6 (a) The primitive unit cell of Al crystallinity in the FCC lattice structure. Adapted 

from Sistani M.[34]. (b) Band structure of Al. Adapted from Yang S. H. et al.[35]. 

 

Al exhibits excellent electrical and mechanical properties, including an electrical conductivity 

of approximately 36 mS∙mm-2 as well as Young’s modulus of 69 GPa. At present Al is the 

second most widely used metal in industrial production, although only started to be 

commercially produced in 1886. Further, owing to a suitable work function of 4.1 eV, Al is a 

promising candidate for electrodes and integrated transducers. In the modern microelectronic 

industry, Al is widely applied as metallization and interconnect material. But Al was replaced 

by Cu as the preferred interconnect metal in 1997, since unacceptable electromigration in Al 

interconnects occurs at high current densities. As Al becomes superconducting at a bulk 

transition temperature of 𝑇  =  1.19 𝐾 and has a high-quality native oxide (Al2O3), it has a 

wide variety of applications in quantum research for resonators or superconducting qubits.  
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2.2 Carrier transport in semiconductors 
2.2.1 Semiconductor statistics  
One simple one-dimensional crystal model comprising atoms in the number of N is considered. 

Additionally, the distance between two adjacent atoms is rather compact, thus allowing their 

orbitals to interact. If N = 2, two individual atom orbitals will overleap, resulting in two new 

energy states, a so-called bonding (the lower energy one) and an antibonding (the higher energy 

one). For N = 3, it produces a bonding, a non-bonding as well as an anti-bonding orbital. In 

principle, the combination of N atom orbitals enables N discrete energy states. In this view, if 

N is very large, a quasi continuum of orbitals forms, referred to as the band. In bulk materials, 

the number of atoms is as high as 6.022 × 1023 per mole. The band resembled by bonding and 

anti-bonding combinations is called the valence band and conduction band, respectively. 

Depending on the forbidden gap between the valence band and conduction band, referred to as 

the bandgap, solid materials can be categorized into three types: metals, insulators and 

semiconductors, as depicted in Figure 2.7.  

 

 

Figure 2.7 Band diagrams of a metal, a semiconductor and an insulator. The blue color marks 

the states filled by electrons. Image adapted from Bartmann M. G.[25]. 

 

Metals feature no bandgap (i.e. the conduction band overlaps with the valence band), allowing 

electrons to move freely, thereby enabling excellent conductivity. In contrast, the large bandgap 

of the insulator blocks the transition of electrons from the valence band to the conduction band, 

resulting in an extremely high resistivity. Compared to the insulator, the semiconductor owns 

a smaller bandgap that allows the band-to-band transition even at room temperature. Electrons 

are excited to the conduction band, accompanied by some holes left on the valence band. At 0 

K there is no conduction in semiconductors. Nevertheless, at higher temperatures some 
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electrons can be excited to the conduction band due to the thermal excitation, thus resulting in 

some current flowing in the semiconductor. 

In the band structure of semiconductors, the band curvature further reflects the effective mass 

and is thus a measure of the charge carrier mobility. The parabolic approximation simply 

describes the energy dispersion relation E(k) near the conduction band minimum  

 E(k) = E + ℏ ∗   (2.5) 

where E  is the conduction band minimum, ℏ  is the Dirac constant and 𝑚∗  denotes the 

effective mass of electrons.  

On account of the motion within the crystal lattice, the equation of the effective mass can be 

rewritten 

 ∗ = ℏ  (2.6) 

Therefore, the effective mass is inversely proportional to the curvature of the conduction band. 

For an isotropic semiconductor the Drude model describes the movement of charge carriers 

driven by an external electric field (E ) against frictional forces originating from scattering. 

The corresponding effective mass can be regarded as a scalar instead of a tensor. For an 

isotropic semiconductor the average relaxation time can be applied to characterize scattering 

losses. Therefore, the movement of charge carriers under an external field can be described as 

 𝑚∗ + 𝑚∗ = qE   (2.7) 

with 𝑣 the average drift velocity, q the elementary charge and τm the mean scattering time of 

charge carriers. In the steady state ( = 0), the drift velocity can be derived via 

 𝑣 = ∗ E = 𝜇E   (2.8) 

with μ the mobility, which is given by 

 𝜇 = ∗   (2.9) 

A stronger band curvature indicates a smaller effective mass, resulting in a higher mobility. 

Literatures have reported the mobility of electrons and holes for intrinsic silicon are 1400 and 

450 cm2⸱V-1⸱s-1, respectively[36]. 

Furthermore, the relationship between the density of states g(E) and the effective mass can be 

expressed as[37] 

 𝑔(𝐸) ≡ = = ∗𝒽 (𝐸 − 𝐸 )   (2.10) 
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The equation apparently illustrates that a heavier effective mass corresponds to a larger density 

of states. In other words, a stronger band curvature suggests a smaller effective mass, hence a 

smaller density of states.  

For an intrinsic semiconductor, the electron density is given by 

 𝑛 =  ∫ 𝑔(𝐸) ∙ 𝑓(𝐸) 𝑑𝐸  (2.11) 

with g(E) the density of states (see Eq. 2.10) and f(E) the Fermi-Dirac distribution. Similarly, 

the hole density is given by 

 𝑝 =  ∫ 𝑔(𝐸) ∙ (1 − 𝑓(𝐸)) 𝑑𝐸  (2.12) 

For non-degenerate semiconductors, the Fermi-Dirac distribution f(E) can be simplified via the 

Maxwell-Boltzmann approximation 

 𝑓(𝐸) ≈  𝑒𝑥𝑝(− ) ∙ 𝑒𝑥𝑝( )  (2.13) 

with EF the Fermi level. Further, the electron density in the conduction band can be derived as 

 𝑛 =  ∫ 𝑔(𝐸) ∙ 𝑓(𝐸) 𝑑𝐸 ≈ 𝑁 ∙ 𝑒𝑥𝑝 −   (2.14) 

with 𝑁  the effective density of states in the conduction band, given by  

 𝑁 = (2𝜋𝑚∗𝑘𝑇)   (2.15) 

with 𝑚∗  the effective mass for electrons. The hole density in the valence band is given by 

 𝑝 =  ∫ 𝑔(𝐸) ∙ (1 − 𝑓(𝐸)) 𝑑𝐸 ≈ 𝑁 ∙ 𝑒𝑥𝑝   (2.16) 

with 𝑁  the effective density of states in the valence band, expressed as 

 𝑁 = (2𝜋𝑚∗ 𝑘𝑇)  (2.17) 

with 𝑚∗  the effective mass for holes. Consequently, for the intrinsic semiconductor, in which 

the electron density is equal to the hole density, the carrier density in thermal equilibrium 

becomes 

 𝑝𝑛 = 𝑁 𝑁 exp − = 𝑛  (2.18) 

where ni denotes an intrinsic carrier concentration. This relationship is famously known as the 

mass-action law. And the resulting Fermi level situates at the middle of the bandgap, as 

illustrated in Figure 2.8a. 
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Figure 2.8 Schematic illustration of bandgap diagram, density of states, Fermi-Dirac 

distribution and carrier concentration for (a) intrinsic, (b) n-type, and (c) p-type semiconductor. 

Figures adapted from Sze S. M. et al.[37]. 

 

Aside from the intrinsic semiconductor, impurity doping enables well-controlled modulation 

of the electrical properties. Taking Si as an example, typical n-type and p-type dopants are 

phosphorus and boron, referred to as the donor and acceptor dopants, consequently resulting in 

electrons or holes as the majority charges, respectively. Figure 2.8b demonstrates that the 

donor level ED of an n-type semiconductor is close to the conduction band edge and the 

corresponding Fermi level positions also close to the conduction band. The situation is opposite 

for the p-type semiconductor, in which the acceptor level situates near the valence band and 

the resulting Fermi level locates close to the valence band, as shown in Figure 2.8c. 
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Introducing Ei (i.e. the intrinsic level of an intrinsic semiconductor) as a reference energy level, 

the electron density is given by 

 𝑛 = 𝑛 exp    or   𝐸 − 𝐸 = 𝑘𝑇𝑙𝑛   (2.19) 

and for p-type materials  

 𝑝 = 𝑛 exp    or   𝐸 − 𝐸 = 𝑘𝑇𝑙𝑛  (2.20) 

Further, the occupancy function can be written as  

 𝑁 exp − ≈  (2.21) 

Therefore, the position of the Fermi level can be precisely calculated (e.g. 𝐸 = 𝐸  − 𝑘𝑇𝑙𝑛(𝑁 /𝑁 ) for an n-type semiconductor using 𝑁 , 𝐸 , 𝑁 , and T. Further, the related 

carrier density n can be derived. A similar derivation process can be applied to analyse the 

respective position of Fermi level and hole density in a p-type semiconductor as well. 

 

2.2.2 Dynamics of charge carriers in semiconductors 
For moderate electric fields (i.e. applying a low external bias to a semiconductor), charge 

carriers are accelerated by the electric field force with a strength Eext up to a steady state 

velocity. This electric-driven movement of charge carriers is called drift, following E.q. 2.8. 

The charge carriers are further subject to phonon and impurity scattering inside nonpolar 

semiconductors (e.g. Ge and Si). In this view, the mobility μ is also determined by the mean 

scattering time τm or mean free path ℓ, given by 

 𝜇 = ∗ = ℓ∗  (2.22) 

where 𝑚∗ is the effective mass of the charge carriers, 𝜗  is the thermal velocity following the 

relationship ℓ = 𝜗 𝜏 . Generally, assuming that most shallow impurities are ionized at room 

temperature, the mobility decreases at higher impurity concentrations and higher temperatures, 

supported by other reports[38,39]. Generally, intrinsic Si or Ge demonstrates higher mobility 

of electrons than that of holes, as holes typically have a larger effective mass. 

Aside from drift, diffusion is another essential behavior of charge carriers, directly triggered 

by a carrier concentration gradient. With the hypothesis that excess carriers are generated or 

injected locally (e.g. injection of carriers from a junction or nonuniform illumination), the 

carriers always migrate from the region of high concentration toward the lower one, in order 

to equalize carrier concentration gradients.  
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According to Fick’s law, the flow of carriers in the diffusion process can be quantitatively 

described as 

 = −𝐷   (2.23) 

The proportionality constant is denoted as the diffusion coefficient or diffusivity Dn.  

 

Thus, it induces a diffusion current with density 

 𝐽 = 𝑞𝐷   (2.24) 

and 

 𝐽 = −𝑞𝐷   (2.25) 

for electrons and holes, respectively. The diffusion is driven by the random thermal motion of 

carriers and scattering. The diffusion length 𝐿  is used to characterize the maximum distance 

carriers can diffuse within the carrier lifetime 𝜏, which follows 

 𝐿 = √𝐷𝜏  (2.26) 

To derive the relationship between the diffusion coefficient and mobility, thermal equilibrium 

is considered, where the diffusion current is compensated by the drift current induced by the 

build-in electrical field. This build-in electric field is formed by the nonuniform doping[37]. 

Thus, without an external electrical field, the net current is zero. Such behavior can be described 

by 

 𝑞𝑛𝜇 𝐸 = −𝑞𝐷  (2.27) 

For n-type semiconductors, this is given by 

 = 𝑁 exp − = 𝑛  (2.28) 

Further, it can be simplified 

 𝐷 = 𝜇   (2.29) 

Quite analogous for a p-type semiconductor  

 𝐷 = 𝜇  (2.30) 

This is referred to as the Einstein relation, which holds for nondegenerate semiconductors in 

the equilibrium state. Notably, via the Einstein relation, the diffusion coefficient can be 

calculated just by measuring the mobility. 

In addition, generation and recombination are crucial steps to describe the non-equilibrium 

state (i.e. n∙p ≠ ni
2) of a semiconductor. Carrier generation results from processes in which the 
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semiconductor absorbs energy resulting in free electrons and holes. Recombination describes 

the inverse processes i.e. electron-hole recombination under energy release. At equilibrium 

(n0∙p0 = ni
2), recombination and generation occur at equal rates, and the net charge carrier 

density remains constant. A non-equilibrium state with an excess of carriers (i.e., np > ni
2) 

causes a higher recombination rate, making the system return to equilibrium. Conversely, if np 

< ni
2, the generation rate would be higher, driving the system toward equilibrium.  

 

2.2.3 The p-n diode 
The p-n junction is one of the most important devices for modern electronic applications as 

well as for understanding the underlying mechanism of more sophisticated semiconductor 

devices. The associated theory developed by Shockley[40] is regarded as a fundamental 

cornerstone of semiconductors. A typical p-n junction generally forms at the interface of 

adjacent p- and n-type doped semiconductors (see Figure 2.9). 

 

 
Figure 2.9 (a) Space-charge distribution in p-type and n-type semiconductors with the doping 

concentration of NA and ND, respectively. Wp and Wn represent the width of the depletion 

regions in the p-type and n-type semiconductors, respectively. (b) Electric-field distribution 

featuring a maximum at the interface (x = 0). Besides, the area under the curve indicates the 

build-in potential Ψbi. (c) Potential distribution. The build-in potential Ψbi can be considered as 

the sum of two individual potentials (i.e. Ψbi = Ψp + Ψn). (d) Energy-band diagram of the abrupt 

p-n junction in thermal equilibrium. Images adapted from Sze S. M. et al.[5]. 
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In n-type semiconductors, electrons and holes are denoted as majority and minority carriers, 

respectively (and vice versa for p-type semiconductors). Once p- and n-type semiconductors 

are in contact with each other, excess electrons from the n-region diffuse into the p-region and 

vice versa for holes from the p-region, in order to balance the doping gradient. Once reaching 

the thermal equilibrium, a space-charge region forms in the vicinity of the interface. Figure 
2.9a illustrates the charge distribution and the induced space charge region with the respective 

depletion widths Wp and Wn. The charge densities are referred to as the donor and acceptor 

densities ND and NA in the n- and p-type material, respectively. The diffusion current is self-

limiting as the drift current induced by the build-in electric field compensates the diffusion 

current (Figure 2.9b). With respect to the build-in electric field, the maximum electric field 

intensity is given at the interface (i.e. x = 0). By integrating the electric field intensity over the 

depletion region, the build-in potential Ψbi can be calculated (Figure 2.9c), which can also be 

derived from the charge distribution using the Poisson equation 

 𝛹 = ln  (2.31) 

with ni the intrinsic carrier concentration.  

Under thermal equilibrium and zero applied bias, the diffusion current compensates 

dynamically the drift current, thus no net current flows and the Fermi level would remain 

constant through the entire p-n junction. As the direction of the build-in electric field is toward 

the p-region, the position of the corresponding conduction band of the n-type semiconductor 

shifts downwards (Figure 2.9d). Due to the charge neutrality in the depletion region (Wp⸱NA 

= Wn⸱ND), the depletion width in the p- and n-region can be calculated according to 

 𝑊 = ( )  (2.32) 

 𝑊 = ( )  (2.33) 

with 𝜀  the permittivity of the semiconductor.  

The p-n junction diode generally generates a small current at negative bias and a large current 

at positive bias, referred to as the rectifying characteristic. Figure 2.10 demonstrates a typical 

current-voltage curve of an ideal p-n junction diode. In this configuration, an external bias is 

applied to the p-type semiconductor, while the electrode connected to the n-type semiconductor 

is grounded. 
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Figure 2.10 The I/V characteristic of an ideal p-n junction diode. The inset illustrates the 

measurement setup. 

 

At forward bias (i.e. V > 0 V), the depletion width of the p-n junction is reduced, thereby 

electrons can cross the junction and be injected into the p-type semiconductor. For an ideal 

diode, the current density increases exponentially, according to the Shockley equation[40] 

 𝐽 = 𝐽 𝑒 − 1  (2.34) 

with J0 the reverse-bias saturation current density.  

In contrast, at the reverse bias (i.e. V < 0 V), the width of the depletion region increases, thereby 

limiting the flow of the current. The remaining small current is called leakage current. 

However, if the reverse bias is too high, the current is permitted to flow again, due to the 

breakthrough of the diode. 

 

2.2.4 Schottky junction 
Aside from the p-n junction formed by two adjacent semiconductors, another essential 

component of semiconductor technology results from the metal-semiconductor contact. Once 

a metal and one semiconductor are brought into contact, the Fermi levels will be aligned to 

match thermal equilibrium, which is realized by electrons transferring between the metal and 

the semiconductor. Figure 2.11a and b illustrate the energy bands of the metal and 

semiconductor before and after the formation of a Schottky contact, respectively. 
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Figure 2.11 (a) Band diagrams of separated metal and n-type semiconductor, in which the 

work function Wm of the metal is larger than that of the n-type semiconductor. (b) Formation 

of the Schottky junction. Electrons will keep transferring between the n-type semiconductor 

and the metal, enabling the alignment of two Fermi levels EF,m and EF,sc, consequently resulting 

in a Schottky barrier Фb and the build-in contact potential Фc. Figure adapted from Sze S. M. 

et al.[37]. 

 

In metals the electron density is almost equal to the density of atoms and electrons can move 

without restrictions forming a free electron gas. Further, the work function is applied to 

describe the minimum thermodynamic energy, which electrons require to escape into the 

vacuum. As depicted in Figure 2.11a, the work function is given by 

 Wm = Evac − EF,m (2.35) 

with Evac the vacuum energy level and EF,m the metal's Fermi level.  

For a semiconductor, the electron affinity χ denotes the energy needed to remove an electron 

from the conduction band edge into the vacuum level (i.e. χ = Evac − Ec). In analogy to the work 

function of the metal Wm, the work function of semiconductors Wsc can be expressed as  

 𝑊 = 𝐸 − 𝐸 , = 𝜒 − 𝑘 𝑇𝑙𝑛  (2.36) 

which furthermore depends on the doping type and concentration. The corresponding build-in 

contact potential Фc is defined as the difference between the two Fermi levels, which is 

 𝑞Φ = 𝐸 , − 𝐸 , = 𝑊 − 𝑊  (2.37) 

Therefore, dependent on the build-in contact potential Фc, metal-semiconductor contacts can 

perform rectifying or ohmic behavior. Aside from the metal's work function, it also depends on 

the semiconductor's electron affinity and impurity doping[41]. Figure 2.11b shows a typical 
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band diagram of the Schottky junction under thermal equilibrium, for a metal and an n-type 

semiconductor. After electrons flow from the n-type semiconductor into the metal, the interface 

region near the semiconductor is positively charged, consequently creating a depletion region, 

in analogy to a p-n junction. Due to the ultra-high electron density in the metal, the related 

negatively-charged space charge region in the metal side is negligible. Therefore, it establishes 

a depletion region into the semiconductor, and the corresponding width can be approximated 

as 

 𝑊 = 2𝜀 𝜀  (2.38) 

with 𝜀   the relative permittivity of the semiconductor, 𝜀   the vacuum permittivity, V the 

externally applied bias and ND the doping concentration. Furthermore, the Schottky barrier 

height Фb can be calculated, according to  

 Ф = W  –  χ  (2.39) 

Please note that all equations mentioned above are derived under the condition that the 

metal/semiconductor interface is clean without significant interface states. In contrast, when 

surface states are taken into account, the Fermi level of the semiconductor becomes pinned, 

making barrier height widely insensitive to the metal’s work function[42]. This effect is 

denoted as Fermi level pinning, as depicted in Figure 2.12. 

 

 
Figure 2.12 (a) Fermi level pinning at mid-gap. (b) Material screening demonstrates that most 

metals result in strong Fermi level pinning at mid-gap for Si and near the valence band for Ge. 

Adopted from Ang K. W. et al[43]. 
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Figure 2.12a shows a typical schematic diagram of Fermi level pinning for an n-type 

semiconductor. Generally, only surface states lying above the Fermi level are empty, and the 

others below the Fermi level are filled. When the Schottky contact is formed, electrons move 

from the semiconductor toward the metal, causing band bending near the contact. Further, an 

upward band bending lifts more surface states above the Fermi level EF, meaning there is 

electron emission at the surface, which continues until the system reaches thermal equilibrium. 

However, for large surface state density, a small change in EF will release a large number of 

electrons. Thus, the Fermi level tends to be located at the energy at which there is a large density 

of surface states, independent of the metal’s work function. Here, two commercially 

implemented semiconductors Si and Ge are taken as examples to demonstrate the Fermi level 

pinning effect (Figure 2.12b). Regarding Ge, nearly all metals form a significant Schottky 

barrier to n-type Ge and an ohmic contact to p-type Ge, since the metal's Fermi level is strongly 

pinned to the valence band. In contrast, for Si the Fermi level tends to be pinned at the mid-

gap, thus forming a significantly high barrier for electrons and holes. 

Schottky diodes have similar current-voltage characteristics as p-n junctions but the reverse 

saturation current depends exponentially onto the barrier height Фb (Figure 2.13a). 

 

 

Figure 2.13 (a) Comparison of the typical I/V curve of a Schottky diode and a p-n junction 

diode. (b) Band diagram describing thermionic emission, thermionic-filed emission and Field 

emission. 

 

At a positive bias, the Schottky junction is forward-biased with a decreased charge space region, 

allowing a large current to flow. By contrast, under a negative voltage, external applied 

https://en.wikipedia.org/wiki/Germanium
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electrical field would extend the width of charge space region, thus blocking the flow of the 

current. Therefore, Schottky diodes can also exhibit rectification characteristics like p-n 

junctions. In contrast to the minority carrier dominated transport in p-n junctions, the currentin 

metal-semiconductor junctions is carried by the majority carriers. The main mechanisms 

contributing to the total current, involving thermionic emission, thermionic-field emission and 

field emission, are discussed in Figure 2.13b. Thermionic emission describes the process in 

which electrons with sufficient energy pass the Schottky barrier. Field emission defines a 

tunnelling process of electrons through the Schottky barrier. Generally, a low electric field and 

a high temperature can prompt the occurrence of thermionic emission. In contrast, a high 

electric field and a low temperature are preferential conditions for field emission. The 

intermediate mechanism between thermionic emission and field emission is so-called 

thermionic-filed emission, which can be considered as a combination of thermionic emission 

and field emission. The thermionic-field emission describes the following transport process: 

the electron energy can be enhanced by thermionic emission to the higher portion of the barrier, 

which has a lower thickness, and the chance of tunnelling is higher, and then it passes through 

the barrier by tunnelling emission[45]. 
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2.3 Light-matter interaction 
2.3.1 Light-semiconductor interaction 

When light interacts with a semiconductor, it can either be absorbed (generating a pair of free 

carriers) or it can stimulate a recombination event. Absorption is the active process in e.g. solar 

cells and semiconductor photodetectors, while stimulated emission is the process enabling 

lasering.  

As light passes through the semiconductor, a fraction of light is absorbed by the semiconductor 

on the way through. The attenuation follows an exponential decay  

 𝐼(𝑥) = 𝐼(𝑥 )𝑒 ( ) (2.40) 
where I(x0) and I(x) are the intensity at a surface point x0 and a certain depth x inside the 

semiconductor respectively, and α is the absorption coefficient. The absorption coefficient 

characterizes the rate of losing radiant flux due to the semiconductor absorption alone, which 

is an intrinsic property of the semiconductor and depends on the light wavelength. The 

penetration depth 𝛿𝒑 is another relative parameter, which is commonly used to define the depth 

at which the intensity of light I(x0) inside the semiconductor falls to 1/e (about 37%) of its 

initial value at the surface I(x0). Then according to Beer-Lambert law, the formula related to 

the absorption coefficient can be expressed as 

 𝛿 =  (2.41) 
For example, for Si the penetration depth 𝛿𝒑 at a wavelength of 1000 nm is 140 µm due to 

the absorption coefficient of α = 72 cm-1. Therefore, it well explains why Si-based solar cells 

require a crystal thickness of approximately 200 µm to realize a high level of absorption.  

Semiconductor absorption is also known as ‘basic lattice absorption’, that is, one electron is 

excited into the conduction band, leaving a hole in the valence band. Certain peculiarities of 

this process need comprehensive consideration, as the conservation laws of energy and 

momentum cause certain selection rules. Since a photon possesses a comparatively large 

amount of energy but a negligibly small momentum, the crystal momentum remains almost 

unchanged despite the crystal energy rising during the absorption process. Semiconductors can 

be classified into two typical types, according to the bandgap of the semiconductor i.e. direct 

bandgap and indirect bandgap. Figure 2.14a depicts the absorption process of a direct 

semiconductor wherein an electron with sufficient energy can be excited from the valence band 
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maximum to the conduction band minimum without any momentum mismatch. This process 

can occur even when an electron does not initially locate at the valence band maximum. 

 

 
Figure 2.14 Light absorption mechanism for (a) direct-bandgap semiconductor and (b) 

indirect-bandgap semiconductor. Images adapted from Goetzberger A. et al.[46]. 

 

In this view, light absorption in a direct-bandgap semiconductor should be dependent on the 

energy of the incident light, which can be expressed as[47]  

 𝛼 = 𝐶 ℎ − 𝐸 = 𝐶 ℎ𝜐 − 𝐸  (2.42) 
The value for the constant C approximates 2 × 104 for a direct-bandgap semiconductor. For 

instance, for a common direct-bandgap semiconductor like GaAs with the bandgap of Eg = 1.52 

eV the absorption coefficient is found to be α = 6.3 × 103 cm-1 giving a penetration length of 𝛿  = 1.6 µm, in agreement with other reports that GaAs only requires very thin layers of a few 

micrometers for solar cells[48,49]. 

Figure 2.14b demonstrates the absorption behavior of an indirect-bandgap semiconductor 

where the conduction band minimum and the valence band maximum correspond to different 

crystal momentum. The mandatory requirement is that the photon energy exceeds the bandgap 

(i.e. hν ≥  Eg). Although the crystal momentum mismatches for indirect-bandgap 

semiconductors, the excited electron has some possibility to reach the conduction band with 

the assistance of an additional momentum from thermal vibrations (i.e. a phonon). Compared 

to a photon, a phonon itself owns a large momentum, despite its energy being rather low. As 

this process involves two different types of particles, the absorption probability of indirect-

bandgap semiconductors is much lower than that of direct-bandgap semiconductors. 
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Another crucial light-semiconductor interaction is so-called recombination. Figure 2.15a 

depicts the band-to-band recombination process for direct bandgap semiconductors. 

 

 

Figure 2.15 (a) Radiative recombination, resulting in the emission of photons or electrons via 

Auger recombination. (b) Non-radiative recombination through single-level traps. β is the 

capture cross-section of the imperfection. ER is the trap energy level.  Figure adapted from 

Satpathy R. et al.[50].  

 

Electrons release from the conduction band to the valence band, and subsequently recombine 

with holes in the valence band. The energy can be released either via photon emission (radiative 

process) or passing the energy onto other free charge carriers (commonly referred to as an 

Auger process). The radiative process can be essentially considered as the inverted light 

absorption in the direct bandgap semiconductors, while the Auger recombination can be seen 

as the opposite of impact ionization[51].  

Figure 2.15b demonstrates the non-radiative recombination in a semiconductor, assisted by a 

single-level trap with the energy of ER inside the bandgap. In principle, such a recombination 

process can be divided into two steps. Firstly, an electron is captured by an empty trap. 

Afterward, a hole recombines with the trapped electron before the electron re-emits to the 

conduction band, making the occurrence of electron-hole recombination. The electron and hole 

capture cross-sections describe the capacity of traps to capture electrons and holes, 

respectively.  
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2.3.2 Surface plasmons 
2.3.2.1 Plasma theory 
In principle, all matter in the explored universe can be divided into four types of states: solid, 

liquid, gaseous, and plasma. The vocabulary plasma originates from Greek and denotes 

something molded. The first official application of the word plasma dates back to 1929 by 

Tonks and Langmuir, which was applied to describe the inner region of a glowing ionized gas 

produced by electric discharge in a tube, the ionized gas as a whole remaining electrically 

neutral[52]. When the thermal kinetic energy exceeds the molecular binding energy, the 

binding between atoms will be broken and a molecular gas gradually dissociates into an atomic 

gas. At sufficiently elevated temperatures an increasing fraction of the atoms will further 

possess enough kinetic energy to overcome, by collisions, the binding energy of the outermost 

orbital electrons, resulting in an ionized gas or plasma. Therefore, plasma is applied to define 

numerous macroscopically neutral substances comprising lots of interacting ionized atoms or 

molecules and free electrons, enabling collective behavior based on long-range coulomb forces. 

In a metal, free electrons can be regarded as an electron plasma with the hypothesis of the 

positive ions fixed in their locations. Furthermore, a plasmon is a quasi-particle resulting from 

the quantization of plasma oscillations of the free electron gas. The relationship between 

plasmon and plasma is in analogy to photon to light. The plasma frequency ωp is defined as[53]  

 𝜔 = ∙∗ ∙  (2.43) 
Such plasma theory can be applied to explain the optical properties of metals. Reflection occurs 

at the frequency of the incident light below the plasma frequency, as the electrons inside the 

metal shield the electric field of the incident light. In contrast, incident light with frequency 

higher than the plasma frequency is transmitted, since the electrons cannot respond such fast 

to screen it. The plasma frequency of most metals lies in the ultra-violet region, thus reflecting 

visible light. For some metals with particular electronic band structure inter-band absorption in 

the visible range make them appear correspondingly colored. 
 

2.3.2.2 Surface plasmon polariton 
In 1957 Ritchie proposed the concept of surface plasmons in the context of electron energy 

loss in thin metal films[54] and the experimental verification followed two years later by 

Powell and Swan [55,56]. Ten years later the explanation and repeated optical excitation of 

surface plasmons were reported almost simultaneously by Otto[57] as well as Kretschmann 
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and Raether[58]. Surface plasmon polaritons (SPPs), electromagnetic surface waves 

propagating along an insulator/conductor interface, are excited when an incoming 

electromagnetic field is coupled to the oscillations of the electron plasma in the conductor. This 

only happens when the wavevector of the incoming light matches that of the SPP for the same 

angular frequency. A classical model with respect to the SPP generation at the metal/dielectric 

interface (i.e. z = 0) is introduced (Figure 2.16a). 

 

 
Figure 2.16 (a) Schematic diagram demonstrating the excitation and propagation of SPPs at a 

metal/dielectric interface. (b) The dispersion relation of bulk plasmon and surface plasmon. 

Images adapted from Luo M. R.[59]. 

 

Maxwell’s equations can be applied to describe this case 

 𝛻 × 𝐻 = 𝐸 𝐸  (2.44)  𝛻 × 𝐸 = − 𝐻  (2.45)  𝛻 ∙ (𝜀 𝐸 ) = 0 (2.46)  𝛻 ∙ 𝐻 = 0 (2.47) 
where the subscript i represents the material: i = 1 at z < 0 for the metal, and i = 2 at z > 0 for 

the dielectric. To solve Maxwell’s equations s- and p-polarized electromagnetic modes are 

considered, including p-polarized one and s-polarized one, corresponding to the component of 

the electric field oriented parallel and perpendicular to the interface, respectively. In order to 

realize a travelling wave propagating along the interface, the electric field component needs to 

be parallel to the interface, therefore the s-polarized surface oscillation can be excluded.  

Afterward, the p-polarized one can be expressed as 
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 𝐸 = 𝐸 , 0, 𝐸 𝑒 | |𝑒 ( ) (2.48)  𝐻 = 0, 𝐸 , 0 𝑒 | |𝑒 ( ) (2.49) 
with 𝑞  the component of a wavevector along the interface. Introducing Eq. 2.48 and Eq. 2.49 

into the Maxwell’s equations (Eq. 2.44-2.47), leads to 

 𝑖 𝑘 𝐻 =  + 𝜀 𝐸   (2.50)  𝑖 𝑘 𝐻 =  + 𝜀 𝐸   (2.51) 
and  𝑘 =  𝑞 − 𝜀   (2.52) 
As the boundary conditions should be continuous, Eq. 2.50 and Eq. 2.51 result in 

 𝐻  +  𝐻 = 0  (2.53)  𝐻 −  𝐻 = 0   (2.54) 
Further, assuming the determinant is zero, the surface-plasmon condition can be derived as 

  +  = 0  (2.55) 
If Eq. 2.55 is introduced into Eq. 2.52, the surface-plasmon condition can also be derived as 

 𝑞(𝜔) =    (2.56) 

with ω/c representing the magnitude of the light wavevector. 

Figure 2.16b depicts the dispersion relations of bulk plasmons, photons in air and surface 

SPPs. The linear curve in the middle represents the dispersion relation of light in air, normally 

denoted as a light line. The upper-left non-linear curve describes the dispersion of the free 

electron gas inside the metal, also referred to as bulk plasmon. As can be seen, for ω < ωp the 

propagation of transverse electromagnetic waves is forbidden inside the metal plasma. For ω > 

ωp however, the plasma supports transverse waves propagating with a group velocity vg = 

dω/dk < c. Furthermore, the lower-right non-linear curve demonstrates the dispersion relation 

of a surface plasmon, which is lower than the light line, due to the bound nature[60]. 

 

2.3.2.3 Plasmon coupling 

As depicted in Figure 2.16b, the distinct gap between the light line (ω = c∙q) and the surface 

plasmon polariton line (the lower red line) indicates a momentum mismatch between free space 

light and an SPP. Therefore, light cannot directly excite surface plasmons on a flat metal 
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surface. For the same reason, SPPs cannot be out-coupled directly into the free space either. 

Figure 2.17 shows some special techniques for exciting SPPs. 

 

 
Figure 2.17 Various methods for exciting SPPs, including (a) Kretschmann geometry, (b) two- 

layer Kretschmann geometry, (c) Otto geometry, (d) excitation by a nearfield scanning optical 

microscopy probe, (e) diffraction on a grating, and (f) diffraction on a surface defect. (from 

Maier S. A.[60]). 

 

Figure 2.17a depicts the schematic diagram of the so-called Kretschmann-Raether 

configuration, where a metal layer is directly deposited on a glass block, typically a prism. The 

light impinging the prism excites SPPs at the outer side of the metal layer, as the evanescent 

wave can penetrate through the metal film. Figure 2.17b illustrates a typical configuration 

where an additional dielectric film with a higher dielectric constant is added between the metal 

layer and the prism. Attenuated total reflection occurs at the interface between the prism and 

the dielectric layer, resulting in an evanescent field exciting the SPPs at both interfaces of the 

metal film. Figure 2.17c shows the Otto configuration, wherein attenuated total reflection 

inducts inside a prism. In order to excite SPPs on the surface, a thin metal film (e.g. gold) needs 

to be close enough to the prism, leading to the interaction between the evanescent wave and 

the plasma waves on the surface. 

A near-field probe tip, as a point source providing a series of wave vectors, is also a common 

tool to excite SPPs (see Figure 2.17d). 
Structuring the metal is another approach to overcome the momentum mismatch. Figure 2.17e 

shows a grating in the structure of shallow grooves, which can support additional wavevectors 

https://en.wikipedia.org/wiki/Evanescent_wave
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via scattering, thereby meeting the momentum conservation. For the same reason, surface 

roughness can excite SPPs as well (Figure 2.17f). 

 
2.3.2.4 Plasmon waveguiding 

SPPs can be simply classified into two types (i.e. localized and propagating plasmons), 

depending on the size and shape of the metallic structures. Localized optical modes are 

generated when SPPs are confined to nanoparticles. Propagating surface plasmons are 

evanescent electromagnetic waves bounded to smooth metal-dielectric interfaces, which can 

serve as plasmonic waveguides, even if the minimum dimension thereof does not exceed the 

light wavelength. Figure 2.18a shows schematically the intensity distribution and the 

electromagnetic field components of a propagating SPP supported by a metal-dielectric 

interface. In order to excite a bound or propagating SPP, the necessary condition is  

 𝑅𝑒{𝜀 (𝜔)} < −𝜀  (2.57) 
with εm and εd the relative permittivity of the metal and the dielectric, respectively. For most 

metals and dielectrics, this condition is satisfied in the visible (if the wavelength is not too 

short) and infrared regions.  

The real part of the SPP wavevector controls the SPP wavelength  

 𝜆 = ( ) (2.58) 
which is always smaller than the light wavelength in the dielectric  

 𝜆  <  (2.59) 
where λ is the wavelength of light in the vacuum. 

Due to inevitable losses, the damping of the SPP propagation is given by the imaginary part of 

the plasmon wavevector kSPP 

 𝐼 (𝑥) = 𝐼 𝑒  (2.60) 
where I0 is the initial intensity of the SPP. The propagation length of SPPs denotes the distance 

at which the intensity drops to 1/e of the initial intensity, then be defined as 

 𝐿 = ( ) (2.61) 
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Figure 2.18 (a) The intensity distribution of an SPP along a metal-dielectric interface. (b) The 

dispersion relations in different guiding modes in a metal waveguide. Images adapted from 

Wei H. et al.[61]. 

 

In analogy to the definition of the refractive index for a material, an effective refractive index 

of a plasmonic waveguide can also be denoted as 

  𝑛  = ( ) =   (2.62) 
where k0 and λ0 denote the wavevector and wavelength in vacuum, respectively. The effective 

refractive index neff is related to the fields distributed inside the metal. That means, the larger 

confinement of the SPP modes corresponds to a higher neff. As both the effective refractive 

index neff and the wave vector kSPP are frequency dependent, Figure 2.18b illustrates the impact 

of different guiding models on the dispersion relations of SPPs. It indicates the universal trade-

off between confinement and loss of SPPs. In particular, larger neff represents higher 

confinement and thus higher ohmic losses and a shorter propagation length. For example, the 

guiding mode inside a metallic nanowire varies with the wavelength of SPPs and the diameter 

of the nanowire[61], suggesting different confinements of SPPs inside the nanowire, further 

resulting in altered ohmic loss during the propagation of SPPs. Generally, longer wavelength 

and larger diameter correspond to smaller ohmic loss and longer propagation length. Aside 

from Ohmic damping, Figure 2.19 shows typical losses for SPP propagation. 

 

Figure 2.19 The possible mechanisms for losses of SPPs while propagating along a metal 

waveguide. Images adapted from [61]. 
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The main mechanisms are leaky plasmon modes, ohmic damping and scattering by surface 

roughness in realistic structures. To avoid leaky radiation, an additional thin dielectric layer of 

high refractive index can be added increasing the confinement of the plasmon mode. But too 

high confinement can lead to an inevitable decrease in the propagation length due to enhanced 

ohmic losses. In addition, the scattering by surface roughness, defects, or the bending of the 

waveguide also contributes to plasmon losses. For example, the scattering losses can originate 

from surface roughness and the polycrystalline structure of top-down fabricated nano-

waveguides. If a plasmon waveguide is sharply bent, scattering loss always happens at the 

bending corner as geometrical symmetry is broken and the SPPs couple to light at the corner. 

Furthermore, the decay of SPP intensity perpendicular to the direction of propagation is another 

important feature. The penetration depths of the SPP electric field in the dielectric δd and metal 

δm are used to describe the behavior, which is given by 

 𝛿 ( ) = ∙ − ( )  (2.63) 
so that 𝜀 𝛿 = |𝜀 |𝛿 . The latter relation implies that the field penetration in the metal is 

typically much shorter than that in the dielectric. It is interesting that the penetration depth in 

metals depends rather weakly on the wavelength staying at the level of a few tens of 

nanometers, while that in dielectrics increases fast and nonlinearly with the wavelength[60].  

 
2.3.2.5 Radiative and non-radiative decay of SPPs 

Figure 2.20 illustrates two decay mechanisms of localized surface plasmons (i.e. radiative 

decay and non-radiative decay).  

 

 

Figure 2.20 Radiative or non-radiative decay mechanisms of localized SPPs. Image adapted 

from Ahlawat M. et al.[62]. 

 

Via radiative decay, plasmons can emit photons[63]. In non-radiative decay, electron-hole pairs 

are created through Landau damping, as the plasmon-induced electric field can excite electrons 
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from occupied to unoccupied states. The time-dependent dynamics of the non-radiative decay 

and the dissipation of hot carriers are illustrated in Figure 2.21.  

 

 

Figure 2.21 Non-radiative decay mechanisms. The upper panels show the dynamics of 

plasmon decay. The lower panels show the distribution of hot carriers resulting from non-

radiative decay of SPPs. Images adapted from [62]. 

 

After plasmon excitation and charge carrier generation during plasmon delay within a short 

time of 1–100 fs, the charge carriers undergo successively electron–electron relaxation, 

electron–phonon relaxation and finally phonon–phonon relaxation. Primarily, a hot electron–

hole pair generated from plasmon decay dissipates its energy via electron–electron scattering 

on a 100–1000 fs timescale. During the subsequent electron–phonon scattering on a 1–10 ps 

timescale, the electrons interact with the metal’s ionic lattice causing heating of the 

nanoparticle, as well as phonon–phonon scattering stimulating vibrations in the metal lattice 

on a 100 ps – 10 ns timescale. This finally results in the heating of the local surrounding 

environment. 

 

2.3.2.6 Energy distribution of hot carriers from non-radiative plasmon decay  

The energy and momentum distribution of hot charge carriers arising from the non-radiative 

decay of plasmons depends on the size of the nanostructure[64], the symmetry of the plasmon 

modes[64] as well as the electronic structure and DOS of the material [65]. In other words, a 

thorough understanding of the aforementioned enables the estimation of hot carrier 
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distribution, as depicted in Figure 2.22. The top panels annotate the permissible transitions for 

individual metals at selected energies. 

 

 

Figure 2.22 The permitted transitions in the band structure (see upper panels) for (a) aluminum, 

(b) silver, (c) copper and (d) gold. The bottom panels illustrate the energy distribution of hot 

electrons and hot holes, which are excited via various photon energies hν.  Images adapted 

from Sundararaman R. et al.[65]. 

 

For Al, in the vicinity of the W point the band-crossing points lie near the Fermi level, allowing 

continuous interband transitions in the energetic range from the Fermi level to hν below it. 

Consequently, both hot electrons and holes from such non-radiative decay are continuously 

distributed in the energy region from zero energy to the plasmon energy hν, as depicted in the 

bottom panel of Figure 2.22a.  

In the case of Ag, low energy interband transitions are observed arising mainly from the d 

bands at the X and L points, along with the Fermi level at the L point, all of which appear at 

almost 3.6 eV. Therefore, the simulation depicts bimodal energy distributions for both the 

electrons and holes, see Figure 2.22b.  
With respect to Cu and Au, the permissible interband transitions are located close to the X and 

L points for both metals, along with the K point for Cu, as illustrated in Figure 2.22c,d. It is 

noteworthy that all these transitions originate from the d bands, situated approximately 2 eV 

below the Fermi level, resulting preferentially in hot holes for Cu and Au. 
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2.4 Optoelectronic sensors 
2.4.1 Basic photodetection mechanisms 
Generally, the electrical conductivity of a semiconductor in the dark can be expressed as 

 σ = q(𝑛 μ + 𝑝 𝜇 ) (2.64) 

Under irradiation, due to light absorption of the semiconductor, the conductivity would be 

altered as 

 𝜎 = 𝜎 + 𝜎  (2.65) 

where ∆𝜎 denotes the photoconductivity. For the sake of simplicity, photodetection will be 

explored for n-type semiconductors, where electrons are the majority carriers.  

The conductivity 𝜎  under irradiation is then given by 

 𝜎 = 𝜎 + ∆𝜎 = 𝑞(𝑛 + ∆𝑛)(𝜇 + ∆𝜇) (2.66) 

which takes into account that both the carrier density ∆𝑛 and the carrier mobility ∆𝜇 may 

change with light irradiation. Then the light-induced change of the conductivity is given by 

 ∆𝜎 = 𝑞𝜇 ∆𝑛 + (𝑛 + ∆𝑛)𝑞∆𝜇 (2.67) 

with ∆𝑛 the change of the charge carrier density, which follows 

 ∆𝑛 = ℊ𝜏  (2.68) 

with ℊ the generation rate (m-3 ∙ s-1) of hot electrons and 𝜏  the electron lifetime. Therefore, the 

photoconductivity becomes 

 ∆𝜎 = 𝑞𝜇 ℊ𝜏 + (𝑛 + ∆𝑛)𝑞∆𝜇 = 𝑞𝜇 ℊ𝜏 + 𝑛 𝑞∆𝜇 (2.69) 

with n0 and n1 the total electron density in the dark and under irradiation, respectively. 

Further also the electron lifetime may depend on the generation rate 𝜏 (ℊ). In this respect, at 

least three possible cases can be distinguished 

(ⅰ) Lifetime 𝜏  is independent on increased carrier density. The photoconductivity is 

 ∆𝜎 = 𝑞𝜇 ℊ𝜏  (2.70) 

Thereby, the photoconductivity ∆𝜎 is linearly dependent on the generation rate ℊ. If plotting ∆𝜎 as a function of ℊ in a log-log graph, a slope of the curve is 1. 

(ⅱ) Lifetime 𝜏  depends on increased carrier density, i.e. 𝜏 (ℊ). The photoconductivity can be 

expressed as 

 ∆𝜎 = 𝑞𝜇 ℊ𝜏 (ℊ) (2.71) 

Assuming the electron lifetime varies exponentially as the generation rate (i.e. 𝜏 (ℊ)  ∝  ℊ ), 

the photoconductivity ∆𝜎 changes in proportion to ℊ γ. If γ < 1, the lifetime decreases as the 

generation rate increases, denoted as ‘sublinear’. If γ > 1, the lifetime increases as the 
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generation rate inclines, referred to as ‘superlinear’[66]. 

(ⅲ) Light-induced change of the carrier mobility, so that 

 ∆𝜎 = 𝑛𝑞∆𝜇 (2.72) 

This behaviour can be explained by the following possible mechanisms 

(a) Scattering of hot electrons from charged imperfections may be altered under irradiation, 

due to the changed density of changed imperfections or an altered scattering cross section 

thereof[66].  

(b) For a polycrystalline material, the intergrain potential barriers at the boundary is 

significant. In this respect, light irradiation may decrease the height of such the intergrain 

potential barriers and the depletion width between the adjacent grains, thereby resulting in 

the increase of charge carrier mobility.  

(c) Light irradiation may enable the excitation of charge carriers from one band to another 

with different mobility. 

 

2.4.2 Characteristic parameters of photodetectors 
Some relevant characteristics of photodetectors are listed below 

Responsivity (R) A parameter is commonly used to quantify the response efficiency of a 

photodetector with respect to the optical signal. This parameter defines the photocurrent 

generated per unit power of the incident light in the effective region of the photodetector in 

unit time 

 𝑅 =  (2.73) 

where Iph is the photocurrent generated by the photodetector, P is the effective light power. The 

responsivity reflects the optoelectronic conversion capacity of photodetectors from the optical 

signal to an electrical signal, and the unit thereof is A⸱W−1. 

The external quantum efficiency (EQE) For common photodetectors, not all the incident 

photons can be absorbed and subsequently converted into free electrons and hole pairs. In 

addition, because of the recombination of charge carriers, the photogenerated carriers cannot 

completely be converted into a photocurrent. EQE is defined as the ratio of output charge 

carriers to the number of incident photons per unit time, which reflects the luminous efficiency 

of the whole detector. The specific expression is as follows 

 𝐸𝑄𝐸 = // = × ≈ × 1240 𝑊 ∙  (2.74) 

where e is the fundamental charge, h is Planck’s constant, and ν and λ represent the frequency 
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and wavelength of the incident light, respectively. 

Detectivity (D*) The detectivity takes into account the responsivity and noise of a 

photodetector. The higher detectivity means the better performance, which is defined as 

 𝐷∗ = ( ∆ )  (2.75) 

where S is the effective area of the detector, Δf is the electrical bandwidth, and Inoise is the total 

noise current of the detector, including thermal noise, shot noise, generation-recombination (G-

R) noise, and 1/f noise[67]. 

Response time The rise time (τr) and fall time (τf) of the photocurrent signal are used to 

characterize the response time of the photodetector to the optical signal. Among them, τr(τf) 

defines the rise(fall) time from 10%(90%) to 90%(10%) of the maximum current. In the 

frequency domain, another parameter named “The 3-dB bandwidth (f3dB)” is commonly used 

to characterize the transient response capacity of the photodetector. In actual experiments, there 

is no significant difference between these two methods of calculating response time[68]. The 

3-dB bandwidth (f3dB) is the frequency at which the detector’s photocurrent drops to half of its 

initial value. The carrier transit time and the RC time constants are two important factors in 

determining f3dB bandwidth[67]. 
 

2.4.3 Internal photoemission 
Attempts to quantify internal photoemission were made by R. H. Fowler and W. E. Spicer[69]. 

Spicer intuitively described the internal photoemission process from a metallic photocathode 

proceeding via several consecutive steps. Using Figure 2.23, the process of internal 

photoemission in a metal-semiconductor-metal heterostructure is discussed in five steps. In 

step 1, hot electrons are generated in the metal through the absorption of a photon. In this 

process, electrons are lifted from states below the Fermi level EF by the pertinent photon energy 

hν. The generated hot carriers are assumed to behave as free electrons and that their initial 

momentum is random. The latter is a reasonable assumption based on the large mismatch 

between the wave vectors of the light/surface plasmon and the generated hot electron. In step 

2, half of the generated hot electrons will move toward the metal/semiconductor interface. Only 

some of them can arrive at the interface without losing energy in inelastic collisions. The hot 

electrons arriving at the metal/semiconductor interface with kinetic energy exceeding the 

barrier Φb have a certain probability of being injected into the semiconductor (step 3). This 

injection probability tends to be small as reflections naturally occur as a result of the large 
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wave-vector contrast (i.e., impedance mismatch) between electrons in the metal contact and 

the semiconductor. The electrons that get injected into the semiconductor will move to the 

opposite electrode and contribute to the current (step 4). Finally, the hot electrons are injected 

into the opposing metal contact (step 5). However, even at this interface reflections can occur 

again due to an impedance mismatch. 

 

 
Figure 2.23 Hot electrons transport through a metal-semiconductor-metal back-to-back 

Schottky diode. It shows the left metal/semiconductor interface with a Fermi level EF, the 

barrier height Φb. It also illustrates the barrier can be tuned if applying a positive bias voltage 

Vapp on the left electrode. Image adapted from Chalab H. et al.[22]. 

 

In order to quantify the transmission probability for hot electrons to surmount the Schottky 

barrier at the metal/semiconductor contact, deriving the momentum of such hot electrons is a 

necessary step. In principle, knowing the dispersion relationship of metal, the momentum of 

hot electrons can be calculated from the kinetic energy. With a simplified parabolic 

approximation, the kinetic energy of hot electrons quadratically depends on momentum, which 

is given by  

 𝐸 , = 𝐸 , + 𝐸 = ℏ ∗ 𝑘 , + 𝑘 ,  (2.76) 

where me* is the effective mass of hot electrons. km,x and km,y are the momenta of hot electrons 

inside the metal in the x and y directions, respectively (see Figure 2.24). This formula is 

applied to describe the kinetic energy of hot electrons in the step 1 and 2 of Figure 2.23. For 

free hot electrons with a certain energy, their direction is random. In order to involve all the 

possibility for the momenta of such hot electrons, a circle energy contour is applied (see Figure 
2.24). Generally, one momentum can be split into the horizontal and perpendicular components 

in the x and y directions respectively, thus 

 𝑘 = 𝑘 , + 𝑘 ,  (2.77) 
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In step 3 of Figure 2.23, where hot carriers are injected into the semiconductor, due to the 

mismatch of dielectric constant, both the kinetic energy and momentum of hot carriers would 

alter. The changed kinetic energy of such injected hot carriers in the semiconductor can be 

expressed as 

 𝐸 , = 𝐸 − Φ = ℏ ∗ 𝑘 , + 𝑘 ,  (2.78) 

with 𝐸 ,  the kinetic energy of hot electrons in the semiconductor, ks,x and ks,y are the 

momenta of hot electrons inside the semiconductor in the x and y directions, respectively. 

 

 
Figure 2.24 The injection of hot electrons from the metal to the semiconductor requires 

momentum conservation. The circle contour represents all the possible directions of hot 

electron momenta. The different sizes of the metal and semiconductor is contributed to the 

mismatch of the dielectric constant. Image adapted from [22]. 

 

Similarly, the total momentum of the hot carrier in the semiconductor is given by 

 𝑘 = 𝑘 , + 𝑘 ,  (2.79) 

Only an electron with kinetic energy higher than the Schottky barrier can be injected into the 

semiconductor, i.e. 𝐸 , = 𝐸 − Φ > 0. In analogy to the behaviours of the photons at a 

diffraction interface, the perpendicular component of the electron momentum should be 

unchanged while hot electrons are injected from the metal to the semiconductor (i.e. km,y = ks,y 

≡ ky)[22]. However, the horizontal component of the hot electrons is different (i.e. k  y,m ≠ k ys,  ,)
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Therefore, the escape possibility 𝑃  can be given by 

 𝑃 = =  (2.80) 

with 𝜃 the angle sinθ = ky/𝑘 . Further, the transmission probability across the left metal-

semiconductor interface can be derived as 

 𝒯 = , ,, , =  (2.81) 

Consequently, the total probability in step 3 in Figure 2.23 is then given by 

 𝑃 = ∫ ( ) 𝑑𝑘  (2.82) 

The probability that an electron entering the semiconductor film makes it across the 

semiconductor via drift or diffusion is assumed as P2 (see step 4 in Figure 2.23).  

After moving across the semiconductor, the kinetic energy of these electrons will change, and 

the magnitude is determined by the applied bias, which is given by 

 𝐸 , = 𝐸 − Φ + 𝑒𝑉 = ℏ ∗ 𝑘 , + 𝑘 ,  (2.83) 

Like the left interface, the injection of these hot electrons will occur again at the right interface 

(see step 5 in Figure 2.23). Therefore, kinetic energy of these electrons allowed to pass the 

right interface should meet 

 𝐸 , = 𝐸 + 𝐸 + 𝑒𝑉 = ℏ ∗ 𝑘 , + 𝑘 ,  (2.84) 

Further, a transmission probability is given by 

 𝑃 = ∫ ( ) 𝑑𝑘  (2.85) 

Simplifying the model by assuming the non-occurrence of multiple reflections of hot electrons 

between two interfaces, the total transmission probability becomes 

 𝑃 (𝐸) = 𝑃 𝑃 𝑃  (2.86) 

Furthermore, as only hot electrons with the energy E exceeding the barrier energy Φb can 

surmount the barrier, the internal quantum efficiency is given by 

 𝜂 𝐸 = ∫ 𝑃 (𝐸) 𝑑𝐸 (2.87) 
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Chapter 3 
Experimental techniques 
This chapter covers the methods applied in the device fabrication and the electrical and electro-

optical measurements for metal-semiconductor-metal heterostructure devices. The first section 

depicts the top-down process for fabricating metal-semiconductor-metal heterostructures and 

their integration in back-gated FET architectures. Furthermore, the second part of the chapter 

introduces the electrical measurement setups for characterizing the FETs. Finally, the electro-

optical measurements are discussed, including scanning photocurrent microscopy and a 

modified pump-probe cross-correlation technique. 
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3.1 Device fabrication 
A standard top-down technique was employed to fabricate monolithic metal-semiconductor-

metal heterostructure devices. The main processing steps for device fabrication are depicted in 

Figure 3.1.   

 

 
Figure 3.1 Schematic diagram shows the process flow for the fabrication of the Al-Si-Al 

heterostructure device. 

 

The detailed fabrication steps are described below 

Step 1: The sample, cut from a commercial SOI wafer, is coated with photoresist (AZ5214E) 

at the rotation speed of 6000 rpm for 40 s, and then a softbake is carried out at 374 K for 60 s. 

The pattern - micro-ribbons with two oval shaped trenches - is transferred by laser lithography 

and subsequent reactive ion etching (RIE). The RIE step was performed in an Oxford 

PlasmaPro 100 Cobra ICP etching system at 309 K for 150 s. The gas flow rates of SF6 and O2 

are set as 50 sccm and 10 sccm, respectively. Afterward, the sample is rinsed with acetone and 

isopropanol, then treated by oxygen plasma etching to carefully remove the residues of the 

photoresist. 

Step 2: a 12 nm thick Al2O3 is deposited on the patterned sample via atomic layer deposition 

(ALD) at 474 K. This Al2O3 layer passivates the surface of Si microbars, and further serves as 

the gate dielectric for the split gates. 

Step 3: Al contact pads are patterned using laser lithography again. Before Al deposition, the 

sample is immersed in BHF (7:1) for 30 s to remove the Al2O3 and the native SiO2 at the contact 

area. Then the sample is immediately inserted in the sputtering machine to avoid reoxidation. 

The metallization is finalized by 125 nm thick Al sputter deposition and lift-off in acetone at 
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329 K for 1 h.  

Step 4: Rapid thermal annealing at T = 774 K in a forming-gas atmosphere (90% N2/10% H2) 

induces the substitution of Si by Al, which enables to control the Si channel length by the 

annealing duration. During the Al-Si exchange the oval-shaped trenches originally etched in 

the Si micro-ribbons become oval recesses in the crystalline Al feed lines. 

Step 5: 125 nm thick ITO split-gates are realized using laser lithography, ITO sputtering and 

lift-off techniques. 

It is worthwhile to mention that such standard CMOS-compatible process can be applied to 

fabricate Al-Ge-Al heterostructures as well, based on a GeOI wafer substrate. In the etching 

process for Ge, the buffered HF needs to be replaced by hydrogen iodide (HI) acid. Further, 

the annealing temperature triggering the Al-Ge exchange only requires 674 K.  
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3.2 Electrical characterization techniques 
3.2.1 Output measurements 
The heterostructure devices fabricated on GeOI or SOI resemble back-gated SBFETs[70], with 

the highly doped handle wafer acting as the common back-gate and the two Al pads as the 

source and drain electrodes, respectively. For electrical measurements the sample is mounted 

to a Cu slide using silver conductive paint. In addition, a glass slide was employed as the global 

substrate carrying the small Cu slide with the overall sample and a PCB, all glued by an epoxy 

resin-based adhesive. To realize electrical contacts, it requires bonding of the two Al pads of 

the heterostructure device as well as the Cu slide to the PCB via Au wires, as depicted in Figure 
3.2.  

 

 
Figure 3.2 Schematic diagram of the electrical measurement setup for current/voltage 

measurements of an Al-Ge-Al heterostructure device. 

 

Consequently, the contact pads on the PCB were connected to source measure units (SMU) of 

a semiconductor analyzer (Keysight B1500A). To investigate the contact properties and 

resistivity of heterostructure devices, two terminal current/voltage (I/V) sweeps were 

performed. In order to simplify the analysis process for distinguishing hot electrons and hot 

holes, the grounded electrode is always defined as source. A positive drain bias VD thus 

generates a positive drain current ID, suggesting electrons moving toward the side of the drain 

electrode as well. Another crucial point of concern is the allowed maximum voltage, which is 

limited by the breakdown field strength of Ge (i.e. EGe,max = 10 mV⸱nm-1
 [71]) and Si (i.e. ESi,max 

= 30 mV⸱nm-1 [71]).   
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3.2.2 Transfer measurements 
As mentioned above, the heterostructure devices shown in Figure 3.2 resembles a back-gated 

SBFET. To ensure reliable measurements, the currents IS, ID and IBG were recorded 

simultaneously. The transfer characteristic of a SBFET present a plot of input back-gate voltage 

VBG as the function of output drain current ID. On the count of some Al-Ge-Al heterostructure 

devices with ultra-short Ge segment (e.g. below 1 μm), the applied drain voltage VD ranges 

typically between 1 mV and 100 mV. In contrast, Al-Si-Al heterostructure devices are designed 

to have a long Si segment, providing enough space for split gates. Therefore, a large drain 

voltage, even VD = 1 V, is allowed to applied on the Al-Si-Al heterostructures. In order to 

diminish the charging effects originated from parasitic capacities, the initial hold time and the 

delay time among the adjacent points were set as 5 s and 250 ms, respectively. So-called double 

sweeps comprising the forward- and reverse direction were employed to characterize the 

hysteresis effects originated from charge carrier trapping. 

 

3.2.3 Temperature dependent electrical measurements 
Temperature-dependent measurements were performed to derive the Schottky barrier height 

ФSB for the SBFETs. A probe station (Lake Shore Cryotronics) with a temperature controller 

was employed. Needle probes directly connected to the drain and source electrodes of the 

SBFET as well as the Cu slide for the back gate contact. The typical temperature range was set 

between 273 K and 380 K. Before starting electrical measurements, it required waiting for 10 

min making the temperature stable. 

Richardson plotting is a common and convenient technique, used to extract Schottky barrier 

height. One demonstration of deriving the Schottky barrier height from temperature-dependent 

current-voltage curves of an Al-Ge-Al heterostructure device is shown in Figure 3.3. Figure 
3.3a demonstrates I/V curves of an Al-Ge-Al SBFET at various temperatures at the back-gate 

voltage of VBG = 0 V. It can be clearly seen that higher temperature inducts larger drain current 

ID for all the drain bias VD. The thermionic theory is often applied to extract the Schottky barrier 

height. Thermionic emission current density JTE follows 

 𝐽 = 𝐴∗𝑇 𝑒𝑥𝑝 𝑒𝑥𝑝 −   (3.1) 

where T is the applied temperature, A∗ is the effective Richardson constant, k is the Boltzmann 

constant.  
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As the precise value of the Richardson constant for the Al-Ge-Al heterostructure, the previous 

equation needs to be reformulated as 

 𝑙𝑛  = − + 𝑙𝑛 (𝐴∗)  (3.2) 

 

 
Figure 3.3 (a) I/V curves of one Al-Ge-Al heterostructure measured at various temperatures 

and the back-gate voltage of VBG = 0 V. (b) Richardson plots under different drain bias VD. (c) 

Derived Schottky barrier height at different drain bias VD. The Schottky barrier height ΦSB can 

be obtained by the linear fitting and then extracted from the value at a drain bias of VD = 0 V. 

(d) Band diagram of back-to-back Schottky barrier diode. 

 
Afterward the Schottky barrier height ΦSB can be derived from the slope of a linear fitting if 

plotting ln (JTE/T2) as the function of 1000/T (i.e. Richardson plot) at certain drain voltage VD 

(Figure 3.3b). Subsequently, the Schottky barrier height ΦSB is further plotted as the function 

of the applied drain voltage VD (Figure 3.3c).  Finally, the linear fitting is applied again to 

extrapolate the points to VD = 0 V, producing an effective barrier height of 220 meV at the 

back-gate voltage of VBG = 0 V. Figure 3.3d illustrates the energy band of Al-Ge-Al 

heterostructure at VBG = 0 V, demonstrating a Fermi level close to the valence band.   
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3.3 Optoelectronic characterization 
3.3.1 Characterization of photodetectors 
A µ-Raman microscopy system (Witec Alpha 300) with a frequency doubled Nd: YAG laser 

(λ = 532 nm) and a near-infrared He/Ne laser (785 nm) was used as the light source. The high-

resolution microscopy allowed precise alignment of the light spot with the target part of the 

heterostructure device (e.g. the plasmon antenna). The standard photodetection 

characterization mainly involved two types, namely light power dependent and wavelength 

dependent measurements. The output power of both laser sources can be adjusted from 0.1 μW 

to 10 mW, which is calibrated by a commercial Si photodiode. In the IR region, the light power 

was calibrated by a commercial Ge photodiode. For wavelength dependent measurements, a 

tunable-wavelength laser (SuperK Extreme, NKT) assisted with a monochromatic system 

(NKT SuperK Select acoustic-optical tunable filter), ranging from 500 nm to 1600 nm, was 

coupled into the microscope. In order to keep the same light density for all the wavelength, the 

light power was normalized to the area of the light spot.  

 

3.3.2 Scanning photocurrent microscopy technique 
Scanning photocurrent microscopy (SPCM) is commonly applied to characterize the local 

optoelectronic features of semiconductor nanostructures. The scanning photocurrent 

microscopy setup mainly relies on a commercial µ-Raman microscopy system (Witec Alpha 

300), which involves a piezo stage, a high-resolution objective (Zeiss 100x) and a synchronous 

signal recording management software. Figure 3.4 depicts the setup of scanning photocurrent 

microscopy. The heterostructure device was fixed on a moveable sample holder, which was 

further mounted on the piezo stage. The piezo stage can move in two motorized axes (i.e. x and 

y axis) with a maximum range of 50 µm and be automatically controlled by the software of 

Witec Alpha 300 system when running the SPCM measurement. Due to the good light 

confining ability of the Zeiss 100x objective, a light beam with a diameter of 865 nm can be 

realized via the 532 nm laser. The generated photocurrent was amplified and meanwhile 

converted into a voltage signal, which finally was recorded as a function of the position. To 

modulate the gate voltage, a DC power supply (Keithley 2635A system sourcemeter) was used 

to control gate biasing. 
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Figure 3.4 Schematic diagram of the scanning photocurrent measurement setup.  

 

3.3.3 Pump-probe cross-correlation measurement 
Pump-probe cross-correlation spectroscopy is widely applied to investigate the ultrafast 

dynamics of charge carriers in semiconductors. Generally, this technique requires splitting of 

an ultrashort laser pulse into two portions. One light beam called the pump would excite charge 

carriers to a non-equilibrium state, subsequently, the other one (probe) is applied to display the 

pump-induced difference of the optical constants (e.g. absorption or reflectivity). Normally the 

measured pump-probe spectroscopy measures the changes of the optical parameter as a 

function of the time delay between the arrival of pump and probe pulses, indicating the 

dispersion of electronic states in the semiconductor material. In the conventional pump-probe 

setup, it needs a highly sensitive photodiode as an optical receiver to detect the light passed 

through (or reflected from) the semiconductor sample. In this work, a modified pump-probe 

setup was used, in which the Al-Ge-Al heterostructure was directly employed as the optical 

receiver. Figure 3.5 illustrates schematically the pump-probe cross-correlation setup. 
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Figure 3.5 Schematic diagram of the modified pump-probe cross-correlation setup, in which 

the change of electrical signal of the hot-carrier photodetectors is directly recorded. 

 

In the pump-probe setup, a femtosecond laser (Toptica FemtoFiber Pro) with the wavelength 

of 1560 nm and the pulse width of 90 fs is employed as a laser source, which can generate a 

pulse train with a repetition rate of 80 MHz, corresponding to the interval duration between 

two adjacent pulses of 12.5 ns. Subsequently, a 50/50 beam splitter is used to split the pulse 

train into two beams. To simplify the description such two pulse trains in the remaining text 

are named as pump pulse and probe pulse trains. Subsequently, both the pump pulse and probe 

pulse trains pass through a mechanical chopper (Thorlabs M2000 optical chopper) having two 

different chopping sections with frequencies f1 and f2, respectively, thus pulse trains are 

amplitude modulated at different frequencies f1 and f2 that are phase locked. While the pump 

pulse train travels a consistent distance, the traveling distance of the probe pulse train would 

be modulated via a mechanical delay line. It enables a delay time from zero to 300 ps with a 

resolution of 66 fs. Then, these two pump and probe pulse trains are merged again in an optical 

fiber and focused on the target region of the Al-Ge-Al heterostructure device by using a high-

resolution microscopy (Witec Alpha 300 equipped with Nikon 100x objective). Finally, a 

digital lock-in amplifier (Model SR830 DSP Lock-in Amplifier) was inducted to process 

detector signal, to enhance the signal-to-noise ratio. The corresponding frequency for a lock-
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in amplifier is set to f1 ± f2 to record the pump-probe signal. The related working principle of 

the pump-probe cross-correlation measurement is illustrated in Figure 3.6.  

 

 
Figure 3.6 The working principle of pump-probe cross-correlation measurement.  

 

Generally, it allows two different modes in which light pulses can interact with a detector 

(ⅰ) the two pump and probe pulses simultaneously irradiate a detector. In other words, they 

completely overlap with each other in the time domain. Therefore, two pulses can be regarded 

as one pulse, and the intensity is the sum of two individual pulses. Compared to the single 

pulse, the detector responds to the combined electric field of the two pulses. However, if the 

resulting intensity of the pulses is too high, the response of photodetector becomes non-linear; 

(ⅱ) each pulse irradiates a detector at different time instances. In this case, there is no overlap 

of two pulses in the time domain. Interestingly, the pump probe as the first one interacts with 

an initial detector without any perturbation from light, while the probe pulse as the second one 

interacts with a perturbed detector. The amount of perturbation is determined by the time delay 

between two pulses, as well as the recovery speed for the detector returning to the steady state 

after being excited by the pump pulse. 

In principle, when the pump pulse interacts with an unperturbed detector in the steady-state, 

the induced electrical signal SD is comprised of several contributors (i), due to various 

independent processes in the device, which can be expressed as 𝑆 (𝑡) = 𝐴 ∙ 1 − 𝑒𝑥𝑝 − 𝑡𝜏 ∙ 𝑒𝑥𝑝 − 𝑡𝜏 
 (3.3) 

with Ai the magnitude of the individual contributor, τRi the rise time and τi the decay time of 

each process.  
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Subsequently, the probe pulse impinges the perturbed detector which did not yet recover back 

to the steady state, normally generating a weaker response. With the assumption of the first 

approximation, the response can be described as 𝑆 (𝑡) = 𝐴 − 𝛥𝐴 ∆𝑡 ∙ 1 − 𝑒𝑥𝑝 − 𝑡𝜏 ∙ 𝑒𝑥𝑝 − 𝑡𝜏 
 (3.4) 

with Δtpp the time delay between the pump and probe pulses and ΔAi an effective reduction of 

the detector response with the preceding pump pulse. In the case of a photon detector, the 

restoration of the intrinsic response is reached when the energy deposited by a light pulse is 

removed from the detector volume. It includes the removal of photogenerated electrons and 

holes, the dissipation of generated phonons to a heat sink, and the restoration of charge 

neutrality in the detector total volume including the detector terminals. 

Therefore, the pump-probe cross-correlation technique characterizes the difference between 

SD(t) and Sʹ
D(t) 𝛥𝑆 𝑡, ∆𝑡 = ∆𝐴 ∆𝑡 ∙ 1 − 𝑒𝑥𝑝 − 𝑡𝜏 ∙ 𝑒𝑥𝑝 − 𝑡𝜏 

 (3.5) 

and its change as a function of the time delay Δtpp between pump and probe pulses. Noteworthy 

is, that it carries the same signal dynamics as the original detector response. 

Instead of ultrafast sampling of the detector signal on its terminals with a ps time resolution is 

integrated as the function of time by a lock-in amplifier. Thereby, the obtained signal is 

proportional to ΔAi and it decreases with the increasing time delay Δtpp between the pump and 

probe pulses. Formally, it can be expressed as 𝑆 ∆𝑡 ∝ 𝑆 ∙ 𝑒𝑥𝑝 − 𝑡𝜏 
 (3.6) 

so as a sum of several exponential decays reflecting all time-inertial processes in the detector. 

Additionally, it is necessary to prove the overall temporal resolution limitation of this pump-

probe setup, and the result is depicted in Figure 3.7.  
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Figure 3.7 The resolution limitation of the pump-probe setup, determined by an autocorrelation 

measurement of a commercial InGaAs ultrafast photodiode. 

 

To estimate the length of the excitation pulses directly at the photodetector, an autocorrelation 

measurement[72] was inducted with an ultrafast InGaAs ultrafast photodiode (Thorlabs 

APD430C) placed below the microscope objective. The measured signal corresponds to the 

non-linear combination of the intensity of two pulses. Extraction of the full width at half 

maximum (FWHM) of about ~560 fs indicates the broadening of the laser pulses (with FWHM 

of 90 fs) mainly due to the dispersion in lenses and beam splitters in the microscope. The value 

of 560 fs can thus be considered as the maximum achievable time resolution of our pump-probe 

setup unless an optical non-linear process in the detector is involved.  
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Chapter 4 
Results and Discussion 
In this chapter, according to the two material systems investigated, the main experimental 

results obtained within this PhD thesis will be divided into two parts: Al-Ge-Al and Al-Si-Al 

heterostructure. Both parts will be introduced sequentially, starting with the heterostructure 

formation, followed by a discussion of the basic electrical properties, and finally focused on 

their device application. The Al-Ge-Al heterostructure are applied for polarization-sensitive 

and ultrafast photodetection. Further for rather unconventional physical phenomena, including 

negative photoconductance and hot-carrier detection following a superlinear current-power 

law. The Al-Si-Al heterostructure device exhibits the ability to modulate the injection of SPP-

induced hot carriers, which demonstrates considerable potential for the realization of on-chip 

photovoltaics.  
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4.1 Al-Ge-Al heterostructures 
4.1.1 The formation of Al-Ge-Al heterostructure devices  
A standard CMOS-compatible fabrication process, already mentioned in the experiment 

section (please see Chapter 3.1), is employed to resemble the Al-Ge-Al heterostructure. The 

GeOI wafer applied in this case comprises a 75 nm thick intrinsic Ge device layer, a thermal 

SiO2 layer with a thickness of 150 nm and a highly doped handle wafer. Firstly, the device 

layer of the GeOI is patterned into Ge ribbons via standard photolithography and RIE. 

Afterwards, two Al pads are deposited on the terminals of the Ge nanosheets by 

photolithography, sputtering and lift-off techniques. Finally, rapid thermal annealing in 

forming gas at 673 K induces a thermal-activated Al-Ge exchange reaction, resulting in Al-Ge-

Al heterostructures. Figure 4.1a shows the initial device with a Ge channel length of 5.9 µm 

with Al pads deposited via plasma-enhanced sputtering. 

 

 
Figure 4.1 (a) SEM image of the initial Ge nanosheet with sputter-deposited Al pads and (b) 

the resulting heterostructure after annealing at 673 K for 5 min. The right-upper inset shows a 

TEM image of the Al/Ge interface. 

 

For thus fabricated devices, the active device channel length is determined by 

photolithography, therefore an advanced processing is required to achieve ultra-short channel 

lengths. Figure 4.1b depicts the fabricated Al-Ge-Al heterostructure device with a reduced 

channel length of LGe = 1.4 µm after annealing at 673 K for 300 s. Generally, for a conventional 

metal/semiconductor contact, an abrupt interface is required to minimize the impact of interface 

states on the electrical properties of the Schottky contact. Here, an atomically abrupt interface 

is obtained via the Al-Ge exchanged reaction as shown in the TEM image in the inset of Figure 

4.1b. According to the previous report[73], during the exchange reaction, Ge from the interface 

diffuses through the Al into the large deposited contact pads  and Al atoms diffuse into the Ge 
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segment occupying the initial position of Ge atoms. The diffusion mainly runs in one direction, 

due to the distinctly different diffusion coefficients of Ge in Al and vice versa[74,75]. Thus, 

the channel length depends on the annealing time, which can even be scaled down below LGe 

= 100 nm[76]. 

As previously stated, implementing the Al/Ge exchange process is a practical approach to form 

Al-Ge-Al heterostructure SBFETs with a reduced channel length, compared to the channel 

length determined by photolithographic restrictions[73]. Figure 4.2 illustrates different designs 

with various channel lengths determined by photolithography, as well as the resulting Al-Ge-

Al heterostructure after implementing the Al/Ge exchange process. 

 

 
Figure 4.2 SEM images of Al-Ge-Al heterostructure device with different channel lengths LGe.  

 

As the diffusion length of Al is determined by the annealing time, varying the predesigned 

lengths of devices on the same chip can result in the different lengths of the remaining Ge 

segment LGe after the thermally induced exchange reaction. However, if the predesigned length 

is too short, Ge will be completely substituted by Al, resulting in complete exchange and thus 

a continuous Al film (see uppermost SEM image in Figure 4.2). In order to investigate the 

impact of annealing, the surface roughness for the different parts of the Al-Ge-Al 

heterostructure devices is characterized via the atomic force microscopy, including the 

sputtered Al pads, Al feed line formed during the exchange reaction and the remaining Ge 

segment (see Figure 4.3). 
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Figure 4.3 AFM topography plot showing the surface roughness of sputtered Al pad (a), 

exchanged Al feed line (b) and Ge segment (c). The dashed box in panel b highlights the region 

used to calculate RMS. 

 

Sputterred Al pads feature an RMS of almost 20 nm. The surface of Ge is extremely flat (RMS 

= 0.23 nm). The Al feed lines origin from the Al/Ge exchange show an overall low RMS 

roughness of 0.25 nm in the region excluding the grain boundaries (dashed box in Figure 4.3b), 

much smoother than sputtered Al. Grain boundaries may be expected as the exchange of wider 

Ge sheets (>300 nm) results in polycrystalline Al feed lines[76].  
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4.1.2 Basic electrical properties of Al-Ge-Al heterostructures 
4.1.2.1 Current/voltage characteristics  
As already mentioned in the experimental section, the Al-Ge-Al heterostructure fabricated on 

a GeOI substrate resembles a SBFET with two Al pads, the Ge channel, the buried SiO2, and 

highly doped handle wafer as the drain/source electrodes, the semiconductor channel, gate 

dielectric, and the back gate, respectively. Figure 4.4a depicts the I/V curves of an Al-Ge-Al 

SBFET with a channel length of L = 0.6 μm measured at various back-gate voltages.  

 

 
Figure 4.4 (a) I/V curves of an Al-Ge-Al SBFET with a channel length of LGe = 0.6 μm 

measured at various back-gate voltages. (b) Band diagram of the Al-Ge-Al heterostructure 

device at the back-gate voltage of VBG = 0 V. The lower panel shows the equivalent circuit of 

a back-to-back Schottky type device. 

 

An Al-Ge-Al heterostructure can be considered as two back-to-back Schottky diodes in series 

with the Ge channel, in which the applied bias loads on the Schottky junction at two Al/Ge 

interfaces and the Ge channel (please see Figure 4.4b). Under positive drain voltage VD, one 

Schottky diode is forward-biased whereas the other one is reverse-biased, limiting the current 

to pass. Generally, the back-gate electrode modulates the effective barrier height, thereby 

altering the drain current ID. While the back-gate voltage VBG increases from -40 V (the deep 

blue curve in Figure 4.4) to 30 V (the black curve in Figure 4.4), the drain current ID decreases, 

resulting in an on/off ratio of 4.4 × 103 at VD = 100 mV. Further increase of VBG to +40 V 

induces to further increase of the drain current. Furthermore, to clarify the contribution of the 

Ge channel and the reverse-biased Schottky junction to the total current, the I/V characteristics 

of Al-Ge-Al SBFETs with different channel lengths are measured (see Figure 4.5a). 
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Figure 4.5 (a) I/V characteristics of Al-Ge-Al heterostructure devices with different channel 

lengths LGe measured at back-gate voltage of VBG = 0V. (b) Resistance R of the Al-Ge-Al 

heterostructure as the function of channel length LGe at the back-gate voltage of VBG = 0V.  

 
The whole Al-Ge-Al heterostructure device is assumed as a regular resistor, following Ohm’s 

law 

 𝑅 = = 𝜌  (4.1) 

where R is the electrical resistance, LGe is the Ge channel length, Scs is the cross-sectional area 

of the Ge channel (i.e. Scs = 1.5 × 10-8 cm2 in Figure 4.4) and 𝜌 is the resistivity. From the 

slope of the I/V curves in Figure 4.5a one can calculate the resistance and thereof according 

to Eq. 4.1 the resistivity ρ = 677 Ω⸱cm.  Figure 4.5b shows the resistance R as a function of 

the Ge channel length LGe. Extrapolating the points to the channel length of LGe = 0, the contact 

resistance is calculated as 0.25 MΩ, corresponding to the reverse-biased Schottky junction. 

Taking the device with the channel length of LGe = 1.0 μm for an example, the resistance of the 

Ge channel is calculated as 5.2 MΩ. Thus, even a higher bias is loaded on the Ge channel, 

compared to the reverse-biased Schottky junction, which will be discussed in Section 4.1.2.3. 
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4.1.2.2 Transfer characteristics of Al-Ge-Al heterostructure devices 
The transfer curve is a typical measurement for characterizing a SBFET, in which the drain 

current ID is plotted as the function of the back-gate voltage VBG. Figure 4.6 illustrates transfer 

(ID-VBG) characteristics of an Al-Ge-Al SBFET with a channel length of L = 600 nm. 

 

 
Figure 4.6 Transfer characteristics of an Al-Ge-Al SBFET with a channel length of LGe = 0.6 

μm measured at different drain bias VD. Solid lines and dashed lines represent forward and 

reverse sweeping, respectively.  

 

For a drain voltage of VD = 1 mV, the Al-Ge-Al SBFET with a channel length of LGe = 0.6 μm 

exhibits a significant on/off ratio of ~ 1.9 ×103 (for forward sweeping). The SBFET apparently 

works like a p-channel transistor, as a sharp rise of drain current ID shows up at negative back-

gate voltages. Such p-type characteristic is not a consequence of unintentional Al doping in the 

Ge channel during the annealing but is a common phenomenon for unpassivated Ge transistors 

due to effective surface doping[77]. For the same reason, inevitable hysteresis phenomena 

appear when sweeping the gate voltage from VBG = -40 V to +40 V and then back down to -40 

V again. The applied drain voltage VD modulates the transfer characteristics of the SBFET, 

that is, the shape maintains the same but the magnitude is linearly proportional to the applied 

drain bias VD. 
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4.1.2.3 Effective barrier height of Al-Ge junction 
In this chapter, the back-gate voltage-dependent effective Schottky barrier height ΦEB of a 

monolithic Al-Ge junction will be discussed. Figure 4.7 shows the temperature-dependent 

transfer characteristics of the Al-Ge-Al SBFET. 

 

 
Figure 4.7 Gate controlled effective barrier height ΦEB for an Al-Ge-Al heterostructure SBFET 

with a channel length of LGe = 0.6 μm. The drain voltage is VD = 10 mV. (a) Temperature-

dependent transfer curves. (b) drain current ID and effective Schottky barrier height ΦESB as the 

function of applied back-gate voltage VBG.  

 

At all back-gate voltages VBG, the drain current ID increases with temperature. The method 

based on the Richardson plots (please see Chapter 3.2.3) is employed to determine ΦEB as a 

function of back-gate voltage, and the corresponding results are illustrated in Figure 4.7b. 

Sweeping the back-gate voltage from from -50 V to +50 V, the effective barrier height ΦEB 

will increases to the maximum at VBG = 23 V and then decreases, which is reversed to the 

tendency of the transfer curve. Figure 4.8 demonstrates the corresponding band diagram of the 

Al-Ge-Al heterostructure SBFET under characteristic back-gate voltages. 

 

 
Figure 4.8 Band diagram showing gate-controlled effective barrier height ΦEB modulation for 

Al-Ge-Al heterostructure SBFETs.  
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In the region of VBG < 23 V, the Ge segment performs like a p-type FET, as the Fermi level EF 

aligns close to the valance band making the band bend upward, thus resulting in a lower 

effective Schottky barrier height ΦESB for holes. While the applied back-gate voltage reduces 

to -40 V, the Fermi level EF shifts toward the valence band, leading to the shaper curvature of 

the band bending near the Al/Ge interface. The shaper bending reduces the width of the 

depletion region, resulting in a lower effective barrier height and a higher drain current. In 

contrast, at the back-gate voltage of VBG > 23 V the n-type characteristic shows up. The Fermi 

level EF shifts close to the conduction band reducing effective barrier height for electrons, 

thereby enabling the higher drain current. At the back-gate voltage of VBG = 23 V, the Fermi 

level EF locates mid-gap of the Ge bandgap, causing a maximum barrier height for 

electrons/holes, thereby the minimum drain current ID appears. 
  



RESULTS AND DISCUSSION 

68 

4.1.3 Plasmonic applications of Al-Ge-Al heterostructure devices 
4.1.3.1 Photodetector with tunable positive or negative photoconductivity 
4.1.3.1.1 The impact of gate voltage 

Under irradiation, the generation of additional charge carriers alters the carrier concentration 

or the mobility of a semiconductor, thereby changing the total conductivity. Most commonly, 

a positive-photoconductivity (PPC) effect is observed, due to an enhanced carrier 

concentration. However, also negative-photoconductivity (NPC) effect may be induced due to 

the photo-gating effect. This section will demonstrate that photoconductivity of the compact 

Al-Ge-Al heterostructure device can be tuned from positive to negative. Figure 4.9a shows the 

schematic of the measurement setup in which the green laser beam is focused directly on the 

Ge segment. Figure 4.9b demonstrates a typical SEM image of an Al-Ge-Al heterostructure 

with a channel length of 200 nm. 

 

 

Figure 4.9 (a) The measurement setup of the Al-Ge-Al heterostructure SBFET under laser 

irradiation. (b) The SEM image of an ultra-short Al-Ge-Al heterostructure with channel length 

of LGe = 200 nm. (c) The comparison of transfer characteristics of the Al-Ge-Al heterostructure 

transistor with a channel length of LGe = 200 nm measured in the dark and under laser 

irradiation. The drain bias VD and light density are set as 10 mV and 0.3 W/cm2, respectively. 

(d) Wavelength-dependent photoconductance 𝛥𝐺  ( 𝛥𝐺 = 𝐺 − 𝐺 , where 𝐺  is the 

conductance of Ge channel under light, 𝐺  is the conductance measured in the dark) at a back 

gate voltage of VBG = +40 V.  
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Figure 4.9c shows the respective transfer curves measured in the dark and under laser 

illumination of the Al-Ge-Al heterostructure device with the ultra-short Ge channel length of 

LGe = 200 nm. In the dark, the drain current ID increases for negative gate voltages, indicating 

a p-channel enhancement mode transistor functionality. The p-type performance, despite the 

Ge segment is intrinsic, originates from surface doping[77]. As the Ge layer is rather thin (t = 

75 nm), surface traps play an important role determining the electric properties of the Al-Ge-

Al heterostructure device. Fast traps at the GeOx/Ge interface and slow traps inside the GeOx 

may capture electrons[78]. The filling of the traps is thereby determined by the position of the 

Fermi level and thus the back gate voltage. Figure 4.9c shows that the position of the Fermi 

level EF can be effectively adjusted by the back-gate voltage. Increasing the back-gate voltage 

the Fermi level EF moves from the valance band towards the conduction band and thus firstly 

reduces the accumulation of holes resulting in an initial decrease of the drain current. At the 

back-gate voltage of approximately 27 V, the Ge channel is depleted, corresponding to the 

minimum point of the transfer curve. Further increase of the back gate voltage results in a slight 

increase of the drain voltage now driven by the electrons. However, changing the back gate 

voltage also influences the population of traps. To prove that traps can alter the electrical 

properties, different sweeping rates have been applied for two double-sweeping transfer tests 

(see Figure 4.10a). It can be seen that the higher sweeping rate results in weaker hysteresis, 

although the hysteresis is inevitable.  

 

 

Figure 4.10 (a) Transfer characteristics of Ge SBFET with a channel length of LGe = 200 nm 

under different sweeping directions and sweeping rates. The drain voltage VD is 10 mV. (b) 

Light intensity modulated transfer characteristics of the Al-Ge-Al heterostructure transistor 

with a channel length of LGe = 200 nm at a drain voltage of VD = 10 mV.  

 



RESULTS AND DISCUSSION 

70 

At the back-gate voltage of VBG = -50 V (see Figure 4.9c), a huge PPC leads to a large 

responsivity of 424 A/W, corresponding to a gain factor of 1.4 × 10 . As the applied 

wavelength is λ = 532 nm, the corresponding photon energy (2.33 eV) is much larger than the 

Ge bandgap (0.67 eV). Therefore, highly energetic photogenerated electrons may occupy traps 

near the GeOx/Ge interface and also inside the native oxide GeOx. As the thickness of Ge device 

layer is only 75 nm, such negatively charged traps can work as an effective local gate, affecting 

the threshold voltage and thus the photocurrent. The photocurrent is thus given by[79] 𝐼 ≈ 𝑔 ∙ ∆𝑉  (4.2) 

with the transconductance 𝑔 = 𝑑𝐼 /𝑑𝑉   and  ∆𝑉  the shift of the threshold voltage.  

As shown in Figure 4.9c under particular biasing conditions and laser power, the polarity of 

the photocurrent becomes negative at the back-gate voltage VBG ≥ 27 V (see the yellow marked 

region of Figure 4.9c). This is the regime where the device performs like an n-type FET and 

the decrease of the photocurrent is referred to as NPC. Fundamentally, the NPC behavior of n-

type semiconductors may be attributed to two factors: (1) reduced mobility due to severe carrier 

scattering under irradiation[80] and (2) lower carrier concentration owing to the light induced 

depletion for the semiconductor channel[81–83]. With increasing light power, the transfer 

curves maintain the overall shape but are shifting toward higher gate voltages (see Figure 

4.10b), which is the typical behavior induced by the photogating[32]. The constant slope in the 

linear region of the transfer curves under various light power excludes that laser illumination 

have a significant impact on the mobility of the charge carriers.  

The traps filled by photogenerated electrons will be negatively charged, and further work as a 

negative local gate that counteracts the applied positive back gate, resulting in a smaller 

effective gate voltage 𝑉 , which can be expressed as[82] 𝑉 = 𝑉 − 𝑄 𝐶  (4.3) 

with 𝐶  the capacitance of the surface oxide and 𝑄  the charge of the filled traps. These 

effective negative local gate induces a shift of the transfer curve toward higher positive gate 

voltages, without significantly influencing the mobility in the channel. This shift of the transfer 

curve to higher gate voltages leads, as can be seen in Figure 4.10b, to NPC in the electron 

dominated transport regime.  

In order to investigate how filling of traps depends on the energy of photogenerated electrons, 

the Al-Ge-Al heterostructure SBFET was measured at different wavelength of the irradiating 

laser. Figure 4.9d shows the photoconductivity as a function of the wavelength of the incident 
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light measured at a back-gate voltage of VBG = 40 V. In particular, the ΔG is defined as 𝛥𝐺 = 𝐺 − 𝐺  (4.4) 

with Gph the conductance under irradiation and Gd the conductance in dark. The magnitude of 

the photoconductance, starting at a wavelength of 700 nm, exhibits a continuous decrease as 

the wavelength increases. This trend continues until it reaches a point around a wavelength of 

900 nm, corresponding to an energy of 1.34 eV. Thus, NPC behavior only occurs at the photon 

energy of >1.34 eV. In other words, it suggests filling the traps requires the photogenerated 

electrons to overcome an equivalent activation barrier. 

Figure 4.11 shows schematically the impact of traps on the polarity of the photoconductance. 

In the p-type region, in dark the Fermi level situates near the valance band, thereby resulting 

in the filling of these traps situated below the Fermi level. 

 

 
Figure 4.11 Band diagrams applied to schematically explain PPC and NPC phenomena. The 

upper and lower panels illustrate the positive and negative photoconductance, respectively. 

Inside each panel, the left and right diagram demonstrate the situation in dark and under 

irradiation, respectively.  

 

Filled traps, serving as supplementary negative local gate, induces an upward bending of the 

conduction and valance bands of Ge. Thus, fostering the accumulation of holes resulting in the 

typical p-type like behaviour is commonly attained in unpassivated Ge channels. Under 
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irradiation, the photo-generated hot electrons occupy traps above the Fermi level, hence 

strengthening the negative local gate as well as the bending of the bands. As a result, the 

accumulation of holes is enhanced, leading to increased conductivity and the observed PPC.  

In contrast, in the n-type region (lower panel in Figure 4.11) i.e. at high positive gate voltages, 

in the dark the Fermi level is shifted towards the conduction band, giving rise to the downward 

bending of the Ge bands and the accumulation of electrons. Upon exposure to laser irradiation, 

again traps located above the Fermi level are filled by high energetic photo-generated electrons. 

Such filled traps act like a negative local gate, which counteracts the positive back gate. 

Therefore, electrons will be repelled and the channel conductivity decreases, which 

consequently manifests itself in the observed NPC. 

 

4.1.3.1.2 The impact of light intensity 

Aside from the control of the back-gate voltage, the power of the incident light can efficiently 

adjust the polarity of photoconductance ΔG as well. Figure 4.12a shows the photoconductance 

as a function of different light intensities. 

 

 

Figure 4.12 (a) Light intensity dependent photoconductance ΔG for two characteristic back-

gate voltages of -50 V and +50 V. The channel length of Ge SBFET is LGe = 200 nm and the 

drain voltage is VD = 10 mV. (b) The working mechanism related to the hot-carrier trapping 

model.  

 

At a gate voltage of VBG = -50 V, PPC is observed in the entire range of light intensity. 

However, at the gate voltage of VBG = +50 V, NPC was observed at low light intensities of ≤ 6 

W/cm2, whereas ΔG turns to be positive at higher light intensities of > 6 W/cm2. The hot-carrier 

trapping model, proposed by Y. Yang et al[81], can account for this observed polarity change 
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of photoconductance ΔG as a function of light intensities.  

The band diagram of the Ge and GeOx, as depicted in Figure 4.12b, provides insight into the 

underlying mechanism of the switch from NPC to PPC. Under irradiation with a photon energy 

larger than the bandgap energy of Ge, light absorption generates hot charge carriers with a rate 

of ℊ. This results in a particular density of hot electrons nhot and hot holes phot (step ①). The 

hot electrons may release their energy arriving at the conduction band edge via thermalization 

(step ③) with a time constant of τth; or may be captured by empty traps inside GeOx (step ②) 
with the time constant of τtrap. Afterwards the filled traps may release the electrons to the 

conduction band edge (step ④) with the time constant of τdetrap. Finally, both the thermalized 

electrons at the conduction band edge and detrapped electrons may recombine with hot holes 

in the valance band by the band-to-band recombination with the time constant τrec (step ⑤).  
 

From a mathematical perspective, the hot-carrier trapping model gives 

 
𝑑𝑛𝑑𝑡 = ℊ − 𝑛𝜏 − 𝑛𝜏 1 − 𝑛𝑁  (4.5) 

 

 
𝑑𝑛𝑑𝑡 = 𝑛𝜏 1 − 𝑛𝑁 − 𝑛𝜏  (4.6) 

 

 
𝑑𝛥𝑛𝑑𝑡 = 𝑛𝜏 − 𝛥𝑝𝜏 + 𝑛𝜏  (4.7) 

 

 = ℊ −   (4.8) 

 

 
𝑑𝛥𝑝𝑑𝑡 = 𝑝𝜏 − 𝛥𝑝𝜏  (4.9) 

 

with the respective parameters listed in Table 4.1. 
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Table 4.1 Parameters utilized in the hot-carrier trapping model 

parameter lifetime 𝑛  density of trapped electrons 𝑛  density of hot electrons 𝑝  density of hot holes 

Δn density of electrons at the band edge 

Δp density of holes at the band edge ℊ generation rate of hot electrons 𝑁  overall number of trap states 𝜏  thermalization time of hot electrons 𝜏  hot electron lifetime due to band-to-band recombination 𝜏  trapping time of hot electrons 

τdetrap detrapping time of hot electrons 

 

Regarding the dynamics of the photoconductivity two extreme scenarios may be distinguished: 

Case Ⅰ: At ultralow light intensities, only a few traps are filled ( 𝑛 ≪ 𝑁 ). The 

photoconductivity ΔG is then given by 

 ∆𝜎 = (∆𝑛 + 𝑛 )𝑞𝜇 = 𝑞ℊ𝜇 𝜏 −    (4.10) 

For the trapping of electrons at the Ge-GeOx interface a trapping time τtrap is reported on the 

scale of 100 ns to 10 ns[84], whereas the detrapping time τdetrap can last for several minutes[28]. 

Additionally, the thermalization time of hot carriers is in the order of picoseconds[85].  

Therefore, based on equation 4.14 and the parameters listed in Table 4.2,   should 

exceed 1 ms.  

Table 4.2 Parameters applied to calculate NPC 

parameter lifetime 

τth 1 ps 

τrec 1 ms 

τtrap 10 ns 

τdetrap 60 s 
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For Ge the lifetime of hot electrons before recombination τrec should be no longer than 1 

ms[36]. Thus  is larger than the lifetime of hot electrons in Ge and thus NPC appears 

under low light power. 

Case Ⅱ: Under high light intensity, almost all trap states may be occupied (𝑛 ≈ 𝑁 ) and ∆𝜎 is given by 

 ∆𝜎 ≈ 𝑞𝜇 𝐺𝜏 − 𝑁    (4.11) 

Without proper passivation, the density of trap states 𝐷  at the Ge-GeOx interface exceeds 

1015 cm-2[22]. The channel surface area of the actual Al-Ge-Al photodetector is about S = 6.8 × 10  cm2. According to 𝑁 = 𝐷 ∙ 𝑆 the total number of traps 𝑁  is thus about 

106. 

Furthermore, the photoexcitation rate 𝑔 is related to the number of photons absorbed in the Ge 

segment which is given by 𝑑𝑁𝑑𝑡 = 𝑃𝒪𝐴ℎ𝑣  (4.12) 

with P the light power, 𝒪 the overlap area of the Ge channel and laser spot, ℎ𝑣 the photon 

energy and A the absorbance. Assuming a Gaussian laser beam shape and perfect center-to-

center alignment, numerically integrating the center of the two-dimensional distribution 

function over the rectangular area of the Ge segment yields the overlap area 𝒪 = ∫   ∫  𝑒𝑥𝑝 𝑒𝑥𝑝 −  𝑑𝑥𝑑𝑦 = 𝑒𝑟𝑓 √ ∙ ∙ 𝑒𝑟𝑓 √ ∙               (4.13) 

with L the channel length, W the channel width and 𝑒𝑟𝑓(𝑥) the error function. 𝜁 denotes the 

variance of the Gaussian function for the objective lens 𝜁 = 0.22𝜆/𝑁𝐴 (4.14) 

with λ the wavelength of the incident light and NA the numerical aperture of the objective.  

A Zeiss 4X objective with the numerical aperture of NA = 0.1 is applied, resulting in a variance 𝜁 of 1.17 µm. Using the parameters listed in Table 4.3 results in an overlap of 𝒪 = 0.043.  
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Table 4.3 Parameters used in the calculation 

Parameter Value 

W 2 × 10  𝑚 

L 2 × 10  𝑚 

NA 0.1 𝜁 1.17 × 10  𝑚 𝑒𝑟𝑓 𝑊/(2√2 ∙ 𝜁)  0.61 𝑒𝑟𝑓 𝐿/(2√2 ∙ 𝜁)  0.07 𝒪 0.043 

 

According to the Beer-Lambert law, the attenuation of light passing through a sample is given 

by 𝐼(𝑥) = 𝐼 𝑒 ∝  (4.15) 

where I0 is the initial light intensity at the surface (𝑥 = 0), 𝐼(𝑥) the light intensity at the depth 

of 𝑥 and α the absorption coefficient. Referring to the absorption coefficient table of Ge[86], 

the absorption coefficient is α = 5.57 × 10  𝑐𝑚  at the wavelength of λ = 532 nm. In this 

case, cross sections of the Ge segment are homogeneous for all depths, the transmittance 𝑇 is 

given by 𝑇 = 1𝑑 𝑒𝑥𝑝 (−𝛼𝑥) 𝑑𝑥 (4.16) 

Neglecting reflection, the absorbance 𝐴 becomes  𝐴 = 1 − 𝑇 (4.17) 

For the 75 nm thick Ge channel, 𝐴 can be calculated as 66.5%. Furthermore, the number of 

photons absorbed per second under different light intensities is calculated and depicted in 

Table 4.4. 
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Table 4.4 Absorbed photons per second under a certain power density 

Light intensity (W/cm2) The number of photons absorbed per second 

0.3 6.86 ×109  

3 6.86 ×1010 

30 6.86 ×1011  

300 6.86 ×1012  

3000 6.86 ×1013  

 

For a light intensity of 30 W/cm2, the corresponding generation rate ℊ can exceed 1011, even 

when using a small internal quantum efficiency of IQE = 50% for converting photons to 

electrons. The recombination lifetime 𝜏  of carriers inside the semiconductors depends also 

on the doping concentration. It has been experimentally proven that the recombination lifetime 𝜏  is at the level of 0.1 ms for an n-type Ge with a doping density of 1013 cm-3. Consequently, ℊ𝜏  (⁓107) exceeds 𝑁  (⁓106) resulting in PPC. In conclusion, the carrier-trapping model 

provides an explanation for the transition from NPC to PPC at high light intensity. To confirm 

the generality of the polarity change, light intensity dependent photoconductivity is measured 

for Al-Ge-Al SBFETs with different channel lengths (see Figure 4.13).  

 

 
Figure 4.13 The impact of channel length on the polarity of the photoconductance ΔG at a gate 

voltage of VBG = 50 V. Electrical field strength is 500 V/cm.  
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For different channel lengths, the gate voltage is fixed at VBG = +50 V, and the drain voltage 

VD is adapted to the channel length to achieve the same field strength of 500 V/cm in all three 

devices. All three devices exhibit a transition from NPC to PPC at high light intensities. In an 

Al-Ge-Al SBFET with a shorter channel length, photo-generated charge carriers will 

experience less scattering while moving from one side of the Ge channel to another, resulting 

in a higher photocurrent.  

  



 

79 

4.1.3.2 Plasmon-assisted polarization-sensitive photodetector 
Prior to surveying plasmon-assisted on-chip photodetectors, here a polarization sensitive 

photodetector is presented. Several reports have confirmed that metallic gratings with periods 

less than the light wavelength can generate SPPs from TM-polarized light, thus enabling 

polarization-dependent functionality[87–91]. Furthermore, some related works found ultra-

scaled Ge photodetectors performing polarization-dependent response, as the nanoscale 

monolithic electrodes can serve as a plasmon antenna[92–94]. In these cases, two metallic 

nanoribbons separated by an ultra-short Ge segment may work like plasmonic dimers (see 

Figure 4.14a), allowing us to investigate localized surface plasmons below diffraction limit. 

 

 
Figure 4.14 (a) Schematic of the setup for polarization-dependent measurement. The inset 

depicts the SEM image of the Al-Ge-Al heterostructure with the polarization angle θ. The 

polarization angle 0° and 90° correspond to the electric component of the polarized light 

parallel and perpendicular to the Ge channel, referred to as TE and TM, respectively. (b) Polar 

plot of the photocurrent as a function of the polarization angle θ. (c) Photocurrent map as a 

function of the drain voltage VD and polarization angle θ. The measurements related to panel b 

and c were conducted at a gate voltage VBG = 0 V, VD = 10 mV and a light intensity of 30 

W/cm2, respectively. 

 

As shown in Figure 4.14a, a linearly polarized laser with the wavelength of λ = 532 nm is 

directly focused on the ultra-small Ge segment with a channel length of 200 nm and a width of 

2 µm. Figure 4.14b shows the respective polarization-dependent photocurrent measured at a 
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drain voltage of VD = 10 mV. The polarization angle φ denotes the angle between the Al/Ge 

interface and the electric field component of the light. The maximum photocurrent is observed 

at a polarization angle of θ = 90º and θ = 270º, corresponding to the polarization direction 

where the electric field of the incident light is polarized normal to the Al/Ge interface. 

Furthermore, Figure 4.14b indicates measured data follows the sinusoidal function and the 

polarization rate can be derived as ∼1.5 times at drain voltage of VD = 10 mV. The inset of 

Figure 4.14a shows the SEM image of the ultra-scaled Ge photodetector. Such an ultra-short 

Ge segment can be viewed as a semiconductor nanowire with a length of 2 µm, a thickness of 

only 75 nm and a width of 200 nm. Normally, owing to the dielectric mismatch effect[95], 

semiconductor nanowires should induct the maximum photocurrent if the polarization of the 

electric field of the incident light is oriented parallel to their nanowire, which is the TE direction 

in Figure 4.14a. As the real part of permittivity for metals is negative, the plasmon maximum 

for metallic nanowires is formed in the direction where the polarization of the electric field of 

the incident light is oriented normal to the nanowire[95]. However, for the actual device layout 

this dielectric mismatch effect is overcompensated by the plasmon antenna effect. Furthermore, 

Figure 4.14c shows that the maximum photocurrent always appears for the TM direction for 

all the drain voltages. It suggests drain voltage VD only alters the magnitude of the plasmon 

current and has no impact on the plasmon antenna effect. 
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4.1.3.3 Plasmon-induced hot-carrier detector 
In this chapter a plasmon-induced hot-carrier detector is discussed based on the Al-Ge-Al 

heterostructure device (see Figure 4.15). The overall working principle is as follows: When 

the TM polarized light impinges the optical diffraction grating (i.e. the oval trenches in the Al 

feed line), additional momentum k would be provided by the grating supporting the momentum 

conservation and thus generating surface plasmons in the Al feed line.  

 

 
Figure 4.15 The layout of a plasmonic antenna-coupled Al-Ge-Al heterojunction used for 

plasmon-induced hot-carrier detector. The inset shows an SEM image of the Al-Ge-Al 

heterojunction device with two oval-shaped trenches. The annotations LWG and LGe denote the 

length of the SPP waveguide and Ge channel, respectively. 

 

Thus generated SPPs propagate in both directions (i.e. toward and away from the Ge segment). 

While SPPs move from the plasmon coupler to the Al/Ge interface, they are damped following 

an exponential decay law, determined by the imaginary part of the refractive index of the 

metal[61]. The distance at which the magnitude becomes 1/e of its initial value refers to as 

“propagation length”, characterizing the capability of Al feed lines to guide SPPs. Aside of 

scattering at surface imperfections of the Al waveguide intrinsic Landau damping[96] is a main 

loss mechanism resulting in hot electron-hole pairs. The energy distribution of these electrons 

and holes originated from the non-radiative decay of SPPs is thereby determined by the 

electronic structure and density of states of the material[97,98].  

However, under a rigorous treatment accounting for the electron dispersion in the metal, only 

some of the hot carriers within the distance of the mean free path will arrive at the Al-Ge 
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interface without undergoing inelastic collisions. Afterward, only the hot electrons with proper 

momentum and sufficient energy can surpass the Schottky contact and will be injected into the 

adjacent Ge segment. Those hot electrons without sufficient energy would be reflected back 

and dispersed by the scattering with free electrons or phonons in Al. However, hot carriers 

injected into the Ge segment will be accelerated by the external electric field and collected at 

the opposite electrode.  

Thus, it can assume that the current measured in the Al-Ge-Al device is proportional to the 

plasmon intensity at the Al-Ge interface and also the laser light intensity. However as will be 

shown, one has to take into account the nonlinearity of the Ge photodetectors due to the 

plasmon-gating effect. Before discussing the plasmon-gating effect, the impact of the 

dimension of the Al-Ge-Al heterostructure (Ge segment as well as Al SPP waveguide) on the 

plasmonic properties is discussed. Figure 4.16 shows the plasmon current Ipl as a function of 

the Ge channel length under laser irradiation with λ = 532 nm and λ = 785 nm at the same 

excitation laser power of 500 μW at a drain bias of VD = 100 mV and VBG = 0 V.  

 

 

Figure 4.16 Plasmon current Ipl as a function of the Ge channel length measured for the green 

(λ = 532 nm) and red (λ = 785 nm) laser excitation. The measurements required a constant SPP 

waveguide length (i.e. LWG = 3 μm) and various channel lengths LGe. The applied light power 

is 500 μW. The drain and back-gate voltages are VD = 100 mV and VBG = 0 V, respectively.  
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Again in analogy to a common photodetector, the plasmon current Ipl follows[37] 

 𝐼 ∝  (4.18) 

with τl and τtr the effective lifetime of the SPP-induced carriers and the transit time of the 

carriers through the Ge channel, respectively. The carrier transit time can be derived according 

to τtr = LGe
2/(μ⸱VD) with μ the carrier mobility and VD the applied drain bias. Thus, the plasmon 

current appears to be inversely proportional to the square of the channel length, as depicted in 

Figure 4.16. 

Notably the effective carrier lifetime τl does not simply denote the lifetime of the injected hot 

carriers before recombination, but rather the lifetime related to the traps inducing plasmon-

gating[99]. This also explains the higher plasmon current observed for green laser irradiation, 

inducing the injection of higher energetic electrons into the Ge segment. More hot electrons 

can surpass the barrier and thus more and higher energetic traps are filled increasing the 

plasmon-gating and thus Ipl. For the device with 3 µm long SPP waveguide and the shortest Ge 

channel of LGe = 650 nm, an external quantum efficiency of EQE = 2.5% can be derived. 

Although no optimization with respect to effective plasmon coupling or waveguiding has been 

done yet, this is quite remarkable since for other electrical plasmon detectors EQEs of less than 

1% have been reported[94,100]. 

For all these measurements on devices with different Ge channel lengths, the Al feed lines were 

kept constant and short to minimize losses in the plasmon propagation. It is reasonable to 

assume that the number of the injected hot carriers linearly depends on the amount of SPPs 

approaching the Al/Ge interface. However, due to the plasmon-gating effect of the Ge 

photodetector, the relationship between the injected hot carriers and the plasmon current Ipl is 

non-linear. In order to investigate this non-linear relationship, requires light power dependent 

measurement. The inset of Figure 4.17 demonstrates that the plasmon current Ipl follows the 

function 𝐼 ∝ 𝑃 .  within the investigated regime. After a respective calibration, Figure 4.17 

shows the plasmon current as the function of the lengths of the Al waveguide for green (532 

nm) and red (785 nm) laser illumination of the plasmon coupler for a constant Ge segment 

length of 3 µm). With the linear fitting in the log-log plot, the propagation length Lp of the 

monolithic Al feed lines is calculated as 1.64 μm and 3.08 μm at the exciting wavelength of λ 

= 532 nm and λ = 785 nm, respectively.  
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Figure 4.17 Propagation length of SPPs on the monolithic Al feed line measured for the green 

(λ = 532 nm) and red (λ = 785 nm) laser excitation. The measurement requires devices with 

different lengths of the plasmonic waveguide, but the Ge channel lengths were always kept 

constant (i.e. LGe = 3 μm in this case). The inset demonstrates the plasmon current as a function 

of the light power for an Al-Ge-Al heterostructure transistor with a 3 µm long SPP waveguide 

and a 600 nm long Ge channel.   
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4.1.3.4 Plasmon-gating effect  
4.1.3.4.1 The impact of gate voltage on plasmon-gating effect  

As shown in Chapter 4.1.3.1, the electrical behavior of Al-Ge-Al heterostructure devices is 

significantly influenced by surface traps in the Ge channel, inducing e.g. NPC or PPC. Here 

we will investigate whether this control of the occupation of the traps and thus modulated 

electrical performance can also be induced plasmonically. In order to survey if traps can capture 

the SPP-induced hot carriers, an Al-Ge-Al transistor with a channel length of L = 600 nm and 

width of W = 2.5 µm is investigated (see Figure 4.18a). Figure 4.18b depicts its transfer 

characteristics measured in dark and under laser irradiance (λ = 532 nm) of the plasmon coupler 

at various light power.  

 

 

Figure 4.18 (a) The diagram schematically describes the working principles of plasmon-gating, 

including excitation of SPPs at the plasmon coupler, propagation of SPPs along the Al feed 

line, and hot carriers transport in the Ge channel. The right-upper inset depicts the SEM image 

of an Al-Ge-Al heterostructure with two plasmon couplers. (b) The comparison of the transfer 

curves of the Al-Ge-Al heterostructure SBFET in dark and under irradiation of one plasmonic 

coupler with various light power. Drain voltage is VD = 100 mV. (c) Transient response to a 

laser pulse at VD = VBG = 0 V.  
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As already discussed above, the Al-Ge-Al SBFET behaves in the dark like a p-channel 

enhancement mode transistor with the characteristic sharp increase of the drain current of 

negative gate voltages. Notably, such p-type behavior does not originate from unintentional Al 

doping of Ge segment induced by the Al diffusion, but is commonly observed for unpassivated 

Ge-based devices due to effective surface doping[77]. For the actual 75 nm thick Ge channel, 

negatively charged surface states at the GeOx/Ge interface and traps in the native oxide 

determine the electronic response[30].  

Under laser irradiance the overall shape of the transfer characteristic remains essentially the 

same, but somewhat shifted toward more positive gate voltages. This shift of the threshold 

voltage is reflected in an increase of the drain current in the hole accumulation and depletion 

regime, referred further as plasmon-gating effect. Unlike common photogating[70,101] with 

light directly exciting the semiconductor, in this case the photogating may be originated from 

SPPs generated at the plasmonic coupler. In particular, hot charge carriers arising from the non-

radiative decay of these SPPs at the Al-Ge interface may fill the above-mentioned, localized 

surface states and traps. These now negatively charged traps localized in close proximity to the 

current-carrying channel of the Al-Ge-Al SBFET act as a very effective local gate and cause 

the observed shift in threshold voltage. The strength of this plasmon-gating effect becomes 

clear at even higher irradiation powers where shifts in the threshold voltage of several tens of 

volts occur (see Figure 4.18b).  

Although there are many reports on the common photogating effect when the semiconductor 

is directly exposed to light, the particular properties of SPP-induced hot carrier trapping are 

actually unexplored. The injection of hot charge carriers induced by the decay of SPP at the 

Al-Ge interface may change both the carrier density 𝛥𝑛 as well as the carrier mobility 𝛥𝜇 and 

thus modify the conductivity Δσ of the SBFET according to  ∆𝜎 = 𝑞𝜇 𝛥𝑛 + 𝑛𝑞𝛥𝜇                                           (4.19) 

with q the elementary charge, 𝜇  the initial carrier mobility and n the initial carrier density. 

According to Figure 4.18b the carrier mobility remains unchanged up to the highest irradiation 

power thus Eq. 4.19 can be written as ∆𝜎 = 𝑞𝜇 𝛥𝑛 = 𝑞𝜇 ℊ𝜏 (ℊ)                       (4.20) 

with ℊ the SPP induced injection rate of hot electrons equivalent to the photoexcitation rate 

and 𝜏  the effective lifetime of the hot carriers. The effective lifetime must also be assumed to 

be dependent on the injection rate ℊ which in turn may depend on the power P of the excitation 

laser.  
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Under light power modulated measurement in Figure 4.19, the plasmon current Ipl follows a 

current-power law 

Ipl ∝ 𝑏 ⸱Pγ                                         (4.21) 

with b a scaling factor, P the light power and γ the dimensionless exponent of the power 

law[102]. Light power-dependent measurements are carried out at various back-gate voltages 

and the resulting data are depicted in Figure 4.19. The sublinear relation gradually transfers to 

superlinear while the gate voltage increases from VBG = -40 V to VBG = 40 V.  

 

 

Figure 4.19 Plasmon current as a function of light power measured at various gate voltages 

VBG. The drain voltage is set at VD = 100 mV and the applied laser wavelength is 532 nm.  

 

A superlinear relationship indicates that the device is more sensitive to SPPs with excitation 

power ascending, due to the longer effective carrier lifetime under higher light power. The 

superlinear law is also referred to as photo-sensitization[103,104] describing a process of 

enhancing the sensitivity of a photodetector. The superlinear behaviour is a typical 

phenomenon originating from the two-center recombination effect[103].  

Before discussing the transition from sublinear to superlinear response behaviour, the 

differences of the one-center and two-center recombination models are briefly discussed: 

(1) The one-center recombination model. In Figure 4.20a, regarding to the definition of the 

lifetime 𝜏 = ∙  (where N is the number of empty trap states and β the capture cross section), 

an electron has the minimum lifetime when all the imperfections are empty.  
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Figure 4.20 Schematic illustration of non-radiative recombination models: (a) a common 

model containing only one recombination center; (b) the introduction of type Ⅱ centers located 

above EDn does not affect the condition of (a); (c) when the location of type Ⅱ centers becomes 

below EDn, these centers will become activators, sensitizing the photoconductor and increasing 

its photoconductivity. EDn and EDp are the demarcation level of electrons and holes, 

respectively. ER is the trap energy level. ER1 and ER2 are the trap energy level for type Ⅰ and 

type Ⅱ, respectively. β and β´ are the capture cross-section for the type Ⅰ and type Ⅱ center, 

respectively 

 

(2) The two-center recombination model. Generally, a captured carrier at an imperfection may 

do one of two things: (ⅰ) recombine with a carrier of the opposite type, or (ⅱ) be thermally re-

excited to the nearest energy band before recombination occurs[66]. In the latter case the 

imperfection is referred to as a trap, and the capture and release processes are denoted as 

trapping and detrapping. The corresponding imperfections that allow the captured carrier to 

carry out these two types of behaviors are denoted as recombination centers and sensitizing 

centers, respectively. The actual action of an imperfections is determined by the position of 

demarcation levels for electrons and holes. The electron demarcation level EDn is defined as 

energy level where an electron has an equal probability of being thermally excited to the 

conduction band and recombining with a hole in the valence band, and the similar concept can 



 

89 

be applied to the hole demarcation level EDp. The imperfection works like a recombination 

center, if located between the electron demarcation level EDn and the hole demarcation level 

EDp, otherwise like a sensitizing center. In a first approximation the demarcation level can be 

replaced by the quasi-Fermi level EFn[104,105]. The relationship between the quasi-Fermi level 

EFn and the electron demarcation level EDn can be expressed as 𝐸  – 𝐸  =  (𝐸 −  𝐸 ) −  𝑘𝑇⸱𝑙𝑛 (𝑚∗ /𝑚∗)/(𝛽 /𝛽 )    (4.22) 

with k the Boltzmann constant, T the room temperature, me
* and mh

* the effective masses of 

electrons and holes, βp and βn the capture cross section of electrons and holes, respectively. The 

electron demarcation level EDn differs from the quasi-Fermi level EFn only by a factor of kT 

times the natural logarithm of the ratio of the capture cross section of electrons and holes. 

Normally this difference is quite small at room temperature, thus the electron demarcation level 

EDn could be regarded as the quasi-Fermi level EFn[103]. 

At the back-gate voltage of VBG = -40 V, the type Ⅱ center ER2 lies above the quasi-Fermi level 

EFn, acting as a sensitizing center and the captured electrons may be thermally emitted to the 

conduction band (See Figure 4.20b). Subsequently, the trapping and detrapping of electrons 

at the type Ⅱ center ER2 would realize the thermal equilibrium, thus not affecting the 

recombination kinetics. Thus, at the back-gate voltage of VBG = -40 V, the two-center 

recombination model can be regarded as the one-center recombination model. 

While increasing the back-gate voltage, the quasi-Fermi level EFn for electrons would shift 

toward the conduction band EC, subsequently being above the type Ⅱ center ER2 (Figure 4.20c).  
Thereby, the type Ⅱ center ER2 will convert from a sensitizing center to a recombination center, 

taking part in the recombination process. Subsequently, the electrons initially in the type Ⅱ 

center ER2 are effectively transferred to the type Ⅰ center ER1 due to smaller capture cross section 

and longer lifetime of electrons in the type Ⅱ center ER2, thereby decreasing the density of 

empty states in the type Ⅰ center ER1. Consequently, the effective carrier lifetime strengthens 

because free electrons would encounter mostly empty states with a small capture cross-section 

in the type Ⅱ center ER2 and only a few empty states with a large capture cross-section in the 

type Ⅰ center. Overall, this results in a decrease in the rate of recombination and an increase in 

the effective carrier lifetime. 

 

4.1.3.4.2 The impact of drain voltage on plasmon-gating effect  

As the following experiment regarding the transient behaviour of the SBFET are performed at 

VBG = 0 V. The light power dependence id investigated for the ungated SBFET at different 
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drain voltages. Figure 4.21 shows the plasmon current Ipl measured at two different drain 

biases of VD = 10 mV and VD' = 100 mV and the gate voltage of VBG = 0 V as a function of 

the light power of the 785 nm laser impinging on the plasmon coupler. 

 

 
Figure 4.21 Plasmon current Ipl as the function of light power under different drain bias. The 

measurement is carried out at a gate voltage of VBG = 0 with a 785 nm laser impinging the 

plasmonic trench of the SBFET shown in Figure 4.18a. 

 

According to the power-current law (see Eq. 4.21), the exponent is fitted as γ = 0.67 at VD = 

10 mV. The sublinear relationship Ipl ∝ P0.67 derives that the effective lifetime 𝜏  is inversely 

proportional to the injection rate G at a gate voltage of VBG = 0 V (i.e. 𝜏  (ℊ) ∝  ℊ . ), 

demonstrating a shorter effective lifetime 𝜏  at higher light power. It can be explained well by 

the one-center recombination theory. Further, the exponent becomes γ' = 0.68 at a drain voltage 

of VD' = 100 mV. At both drain voltages the sublinear relationship between plasmon current Ipl 

and the light power is found to be the same. Therefore, there is obviously no impact of the drain 

voltage VD on the capturing of SPP-induced hot electrons injected into the Ge segment.  
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4.1.3.4 Ultra-fast hot-carrier photodetector 
The previous sections have demonstrated the feasibility of a monolithic Al-Ge-Al SBFET with 

plasmon couplers for generation and waveguiding of SPPs, as well as the detection of hot 

carriers resulting from the non-radiative decay of SPP at the Al-Ge interface. The ultimate goal 

was to develop an ultra-fast on-chip photodetection system that is scalable and CMOS 

compatible. The speed of the advanced nanoscale laser sources and modulators can easily 

approach tens of GHz[106–108], whereas scalable high-speed photodetectors as the receivers 

are still a challenge. The efficiency-speed trade-off[109,110] makes it challenging to shrink the 

channel of semiconductor photodetectors, due to the low absorption below the diffraction limit. 

Typically, the response speed of a photodetector is determined by the carrier transit time[111] 

and the RC time constant. As the carrier transit time depends on the charge carrier mobility and 

the active channel length of the device, the Al-Ge-Al device was finally scaled below the mean 

free path of electrons in Ge[32], enabling ballistic transport in the Ge channel. A pump-probe 

cross-correlation technique was employed to demonstrate experimentally the potential of such 

an ultra-scaled Al-Ge-Al photodetector with ballistic charge carrier transport to handle optical 

signals around 50 GHz at telecom wavelength and with high responsivity. Figure 4.22a 

illustrates the device architecture of the proposed ultrafast hot-carrier photodetector based on 

a monolithic Al-Ge-Al heterostructure. 

 

 
Figure 4.22 (a) The layout of the Al-Ge-Al heterostructure transistor. In this device layout the 

Ge segment, Al feed lines connected with macroscopic pads, buried gate oxide (150 nm SiO2) 

and the doped Si handle wafer serves as the semiconductor channel, source/drain, gate insulator 

and the common back gate, respectively. (b) Transfer curves measured from Al-Ge-Al 

heterostructure transistors with various Ge channel lengths. The drain bias is VD = 10 mV. 
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The overall fabrication process is similar to the one that is described in the experimental section 

(see Chapter 3.1), further passivated with an 8 nm thick Al2O3 layer. In order to investigate 

the impact of the channel length, three devices with various Ge channel length LGe are 

investigated and their corresponding transfer curves are depicted in Figure 4.22b. The two 

longer transistors exhibit apparent bipolar conductance modulated via the back gate. Thus, a 

hole- and an electron dominated transport regime shows up at VBG < 0 V and VBG > 20 V, 

respectively. Compared to un-passivated Ge transistor (see Figure 4.10a), these transistors 

passivated by Al2O3 show less hysteresis for double back-gate-sweeping measurements. 

Scaling down channel length to LGe = 1.3 µm, both the on-current and the on/off-ratio are 

enhanced. With further scaling of the transistor, the bipolarity of the SBFET is lost and it can 

generally no longer be controlled by the back-gate. These device with a Ge channel length 

close to the mean free path of electrons in Ge (i.e. 45 nm [112]), will be further  denoted as 

ballistic device. 

 

4.1.3.4.1 Scanning photocurrent microscopy 
The Al-Ge-Al heterostructure device with the channel length of LGe = 1.3 µm is shown in the 

SEM image in Figure 4.23a. The bottom image shows the spatially dependent photocurrent at 

zero gate (VBG) and bias (VD) voltages, which is measured via the scanning photocurrent 

microscopy with a linearly polarized laser spot at the wavelength of 532 nm and the diameter 

of 860 nm. The compact light spot enables a high spatial resolution, allowing to figure out the 

various working mechanism at different local positions of the Al-Ge-Al heterostructure device. 

Green arrows mark the corresponding locations for Al/Ge interfaces and the plasmon couplers. 

The magnitude and sign of the photocurrent reflects the individual efficiency and the directions 

of the hot carriers’ movement, respectively. 
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Figure 4.23 Scanning photocurrent measurement of as the Al-Ge-Al SBFET with a Ge 

segment length of 1.3 µm. The upper and lower panels show the SEM image and the generated 

photocurrent as a function of the scanning position, respectively. The positions of plasmon 

couplers and two Al/Ge interfaces are highlighted by the green arrows. The wavelength and 

light power of the laser beam are 532 nm and 1 µW, respectively. The drain bias and gate 

voltage are set as VBG = 0 V and VD = 0 V, respectively. 

 

When the scanning light spot focusses on the Al/Ge interface, a significant photocurrent is 

generated as the built-in electric field of the Schottky contact induces the drift of 

photogenerated charge carriers. Further, due to the direction of the built-in electric field, a 

different polarity of photocurrent results at the two Al/Ge interfaces but their magnitude is 

similar. The current observed when the laser is atop of the plasmon coupler, originate from the 

plasmon-induced hot carriers, and the corresponding working principle has been explained 

before (please see Chapter 2.4). The polarity changes for the current generated at the left and 

right trench, due to the different hot carriers’ movement direction. The different magnitude of 

the plasmon induced current is due to different propagation lengths along the monolithic Al 

waveguide and thus different losses.  

 

4.1.3.4.2 Spectral responsivity of SBFET detector 
Figure 4.24 illustrates the spectrally resolved responsivity R of three Al-Ge-Al heterostructure 

devices with channel lengths of 2.4 μm, 1.3 μm and ballistic one. 
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Figure 4.24 Spectral responsivity of Al-Ge-Al heterostructure photodetectors with various Ge 

channel lengths. Gate voltage and the drain bias are VBG = 0 and VD = 0 V, respectively. 

 

All three devices exhibit broad responses covering the visible and near-infrared regions. 

Notably, the responsivity increases with decreasing channel length, with a maximum 

responsivity of 12 mA/W at λ = 532 nm and approximately 0.35 mA/W at the telecom 

wavelength of λ = 1560 nm for the ballistic device. Such remarkable responsivity obtained 

from the ballistic device can be explained by the undisturbed transport process of hot carriers 

without any scattering. The distinct responsivity roll-off observed near 1600 nm corresponds 

to the Ge bandgap optical absorption edge. 

 

4.1.3.4.3 Pump-probe cross-correlation measurements 
To determine the time response of the monolithic Al-Ge-Al heterostructure based 

photodetector, a modified pump-probe cross-correlation technique is used where the electrical 

signal generated by the Al-Ge-Al SBFET is directly measured.  Standard pump-probe 

technique commonly characterizes the transient change of optical properties of the target 

materials. A photodetector, in general, features at least two different response mechanisms - an 

absorption process of photons leading to a generation of free charge carriers, and further the 

movement of these carriers in the detector inducing the signal current. These take place on very 

different time scales; photons are absorbed as long as the optical pulse lasts, while 

photogenerated carriers' movement lags behind the optic pulse due to their mass and distance 

to travel. Commonly, the later process limits the detector capability to distinguish subsequent 
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pulses and sets an upper limit for the maximum pulse rate to be detected. Figure 4.25a shows 

cross-correlation signal as a function of time delay Δt between two pulses for the Al-Ge-Al 

heterostructure devices with the longest channel length of LGe = 2.4 µm and the laser beam 

focused on the plasmon coupler. 

 

 
Figure 4.25 The impact of the Ge channel length on the pump-probe signal for SBFET devices 

with (a) LGe = 2.4 µm, (b) LGe = 1.3 µm and (c) the ballistic device (LGe < 100 nm). The semi-

logarithmic plot is employed to fit the individual time constants. The inset of panel c 

demonstrates the enlarged region measured with a high temporal resolution. 

 

It can be clearly seen that the semi-logarithmic plot can be divided into three well distinguished 

regimes, marked as a, b and c in sequence, corresponding to time constants of signal decay of 

11, 172 and 559 ps, respectively.  

Region (a) should involve the time taken by the generation and waveguide of SPPs, as well as 

the injection of hot carriers[113]. The excitation of SPPs in principle is a non-linear process of 
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transferring the energy of the laser pulse to a coherent oscillation of electrons in the metal. The 

respective time constant should thus be equal to the pulse width. Due to a short waveguide 

length of LWG = 1.5 μm, propagation to the Al-Ge interface takes several femtoseconds. The 

injection of hot electrons at the Al/Ge interface is also known to be a fast process (i.e. on the 

fs time scale)[114]. Nevertheless, the thermalization process of hot carriers, based on electron-

phonon scattering and phonon-phonon scattering, is known as a long event that can endure for 

several picoseconds[115,116].  

Region (b) with the longer time constant of 172 ps is related to the transit of hot charge carriers 

through the channel. The transit time τtr results from[37]  𝜏 =  𝐿𝑣  (4.23) 

where LGe is the length of the Ge segment and 𝑣  is the effective drift velocity of charge 

carriers moving inside Ge. As the saturation drift velocity of electrons in bulk Ge is 5 × 106 

cm/s[117], the corresponding minimum transit time for electrons moving through the Ge 

segment with a length of 2.4 µm can be derived as 40 ps, which is apparently shorter than the 

measured one, suggesting the effective drift velocity 𝑣  in such a monolithic Al-Ge-Al 

heterostructure device is much less than that in bulk Ge. The reduced effective drift velocity 𝑣  should originate from the enhanced surface scattering of charge carriers when moving in 

a thin Ge micro-ribbon with a thickness of only 75 nm.  

Region (c) features the longest time constant of 559 ps, originating from surface trapping. 

According to Prasamkumar et al.[118], the carrier relaxation dynamics controlled by the 

surface trapping effect can last for several nanoseconds. Although a protective Al2O3 layer has 

been deposited atop of the Ge micro-ribbons to enhance the reliability and reproducibility of 

photodetectors’ electrical performances, a thin native GeOx layer with trapping states may still 

exist between the Ge micro-ribbon and the Al2O3 layer, causing the unintentional change of 

the channel conductivity. 

The related pump-probe cross-correlation curves for the device with a shorter channel length 

of LGe = 1.3 µm is depicted in Figure 4.25b and the thereof determined time constants are 

listed in Table 4.5. Compared to the longer Al-Ge-Al heterostructure device, this device 

exhibits similar behaviour with similar time constants for thermalization (i.e. region a) and the 

interaction with surface traps (i.e. region c). No surprisingly, according to Eq. 4.23, the transit 

time becomes half when the channel length LGe is scaled down to half of the initial value. 
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Table 4.5 Time constants for SBFET devices with different channel lengths. 

Channel length LGe 
Time constant τ (ps) 

Region a  Region b  Region c  

2.4 µm 11 ± 3 172 ± 2 559 ± 11 

1.3 µm 8 ± 1 92 ± 1 529 ± 7 

(<100 nm) 0.6 23 ± 5 369 ± 65 

 

Finally, the pump-probe results for the ballistic device are depicted in Figure 4.25c. The 

duration of region (a) is ultra-short. Figure 4.25c mainly illustrates region b and c with the 

time duration of approximately 23 ps and 369 ps, respectively. The inset of Figure 4.25c shows 

the measurement at a higher time resolution of 0.1 ps. It indicates an ultra-short time constant 

of only 0.6 ps, close to the temporal resolution of this modified pump-probe setup (see Figure 
3.7). Such ultra-fast sub-picosecond process results from the fast generation of hot carriers and 

the related quasi-ballistic transport.  
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4.2 Al-Si-Al heterostructure 
4.2.1 The formation of Al-Si-Al heterostructure devices  
The actual fabrication scheme is overall the same as that for the Al-Ge-Al heterostructures, 

although here, of course, an SOI wafer is used as substrate material and the temperature for the 

solid-state exchange between Al-Si is somewhat higher. Figure 4.26a shows an optical image 

of a 110 nm thick and 2.5 μm wide Si nanosheet overlapped with two sputtered Al pads, 

forming a predesigned channel length of 25 μm. Because of the close proximity of Al and Si 

in the periodic table of elements, SEM images would display an exceedingly low degree of 

contrast of Al and Si regions, making them indistinguishable. Therefore, optical images 

captured by high-resolution microscopy are depicted here. 

 

 
Figure 4.26 (a) The initial device with the Si nanosheet contacted by two sputtered Al pads. 

(b) The Al-Si-Al heterostructure after annealing at 773 K for 30 minutes. The width and 

thickness of the Si channel are 2.5 μm and 110 nm, respectively. The thickness of sputtered Al 

pads is 125 nm. 

 

The Al/Si exchange requires a higher temperature of about 773 K, compared to 673 K for Al/Ge 

exchange, and appeared also to be dependent on the thickness and width of the Si nanoribbons. 

Figure 4.26b shows a shorter Si segment with the length of LSi = 7.7 μm with sharp interface, 

after annealing at 773 K for 30 min, proving the successful Al-Si exchange. Again, the Al/Si 

exchange presents a compelling technology for effective and reliable device scaling.  
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4.2.2 Basic electrical properties of Al-Si-Al heterostructure devices 
4.2.2.1 Current/voltage characteristics  
The fabrication of the Al-Si-Al heterostructures on an SOI wafer again results in a back gated 

SBFET device configuration. Same as for the Al-Ge-Al heterostructure devices electrical 

measurements, I/V and transfer characteristics are measured to characterize the electrical 

properties of the Al-Si-Al heterostructure SBFET. Figure 4.27 depicts the I/V curves of an Al-

Si-Al SBFET with a channel length of L = 5 μm at various back-gate voltages. 

 

 
Figure 4.27 I/V characteristics of an Al-Si-Al SBFET with a channel length of LSi = 5 μm for 

different back-gate voltages. The width and thickness of the Si channel are 2.5 μm and 110 nm, 

respectively. 

 

As the back-gate voltage VBG rises from -40 V to +40 V, the drain current ID initially exhibits 

a decline until a minimum value (at VBG = 0 V), followed by an increase. The altered drain 

current is due to the modulation of effective barrier height, as discussed before. The observed 

distinct modulation provides evidence for the successful fabrication of the Al-Si-Al SBFETs 

in the back-gate configuration. 

 

4.1.2.2 Transfer characteristics of Al-Si-Al SBFET 
Figure 4.28 shows the transfer characteristics of an Al-Si-Al heterostructure SBFET with a 

channel length of L = 5 μm at different drain bias VD. 
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Figure 4.28 Transfer curves of an Al-Si-Al SBFET with a channel length of LSi = 5 μm at 

different drain bias VD. The width and thickness of the Si channel are 2.5 μm and 110 nm, 

respectively. 

 

The Al-Si-Al SBFET shows bipolar behavior, however with a higher current for negative gate 

voltages. For the symmetric device the minimum drain current ID is observed at a back-gate 

voltage of VBG = 0 V. Compared to the transfer characteristics of the Al-Ge-Al SBFET, the Al-

Si-Al SBFET apparently exhibits a higher on/off ratio of ~104. This is notably about 685 nA at 

negative VBG = -40 V and approximately 14 nA at VBG = +40 V, when the drain voltage is set 

as VD = 100 mV. The reason for the more symmetric behaviour and higher on/off ratio is due 

to the larger bandgap of Si and particularities in the Fermi level pinning. Whereas for Ge the 

fermi level pins close to the valence band, for Si the Fermi level pins at the middle of the 

bandgap (see Figure 2.12). Both these two physical phenomena can be explained via the 

investigation of gate-controlled effective barrier height, which will be discussed in the next 

section. 

 
4.1.2.3 Effective Schottky barrier height of Al-Si-Al SBFET 

To discuss the conduction mechanism in Al-Si-Al heterostructure devices in more detail, 

temperature-dependent transfer measurements were performed to extract the effective barrier 

height at various back-gate voltages. Figure 4.29a shows the transfer curves at different 

temperatures. 

 



 

101 

 
Figure 4.29 (a) Temperature-dependent transfer characteristics of an Al-Si-Al SBFET with a 

channel length of LSi = 5 μm. The drain bias is VD = 100 mV. (b) The derived effective barrier 

height ΦEB at various back-gate voltages and transfer curve measured at room temperature and 

VD = 100 mV. 

 

The effective Schottky barrier height at different back-gate voltages was calculated using the 

Richardson method (see Chapter 3.2.3). Figure 4.29b shows the comparison of drain current 

ID and the effective Schottky barrier height ΦEB as the function of the back-gate voltage. 

Apparently, the larger effective barrier height ΦEB results in a lower drain current ID, in 

agreement with the thermionic emission theory (see Eq. 3.1 in Chapter 3.2.3). At the back-

gate voltage of VBG = 0 V the highest effective barrier height of ΦEB = 0.55 eV appears, which 

is almost half of the Si bandgap (i.e. Eg = 1.12 eV), indicating the Fermi level pinning about 

mid-gap. Furthermore, at the back-gate voltage of VBG = +40 V and -40 V, the effective barrier 

height ΦEB becomes 0.25 eV and 0.12 eV, respectively, indicating more symmetric barriers for 

electrons and holes, compared to that of Al-Ge-Al heterostructures. 
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4.2.3 Plasmonic applications of Al-Si-Al heterostructure devices 
4.2.3.1 Switchable hot-carrier photodetection based on Al-Si-Al SBFET 
Understanding the fundamental mechanism of hot carrier injection at metal/semiconductor 

interfaces is crucial for promoting the development of switchable hot-carrier photodetectors. 

As the Fermi level of the Al-Si-Al heterostructure device pins near mid-gap, the device is 

employed to investigate the principle for hot electron and hot hole injection. Figure 4.30 shows 

the schematic of the Al-Si-Al heterostructure device enabling hot-carrier photodetection. 

 

 
Figure 4.30 Schematic illustration of an Al-Si-Al SBFET with laser irradiation on the plasmon 

coupler. The right-upper inset shows the optical image of the Al-Si-Al heterostructure device 

with the oval trenches as plasmon couplers. 

 

A SOI wafer comprising a 110 nm thick p-type Si device layer atop of the 385 nm thick BOX 

is adopted to fabricate the devices as shown in Chapter 3.1. The Al-Si-Al heterostructure 

micro-ribbons on top of the BOX resembles a back-gated SBFET with the BOX, and the doped 

Si handle wafer representing the gate insulator, and the back-gate electrode, respectively. 

Additionally, the oval-shaped trenches on the Al feed lines serve as the plasmonic couplers, 

which will generate SPPs under laser irradiation. The working principle of the Al-Si-Al SBFET 

as the SPP-induced hot-carrier detection system will be discussed with Figure 4.31. 
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Figure 4.31 Hot-carrier photodetection based on the Al-Si-Al heterostructure, due to non-

radiative decay of SPPs at the Al-Si interface and the injection of hot carriers to the Si segment. 

The effective barrier height for electrons and holes refers to as Φbn and Φbp, respectively. For 

Al, the energy distribution D0 of hot carriers induced by the non-radiative decay of SPPs is 

homogeneous [97]. 

 

Optical diffraction gratings are usually implemented to excite SPPs due to the requirement of 

momentum conservation, here realized by a simple oval trench in the Al feed lines. Thus 

generated SPPs propagate towards the metal/semiconductor interface, and non-radiative decay 

at the Al/Si interface results in hot carriers. The corresponding energy distribution of thus 

generated hot charge carriers is determined by the electronic structure and density of states of 

the SPP waveguiding material. For the noble metals, such as gold (Au), and silver (Ag), 

metallic nanostructures under radiation yield hot carriers above (electrons) and below (holes) 

the metal Fermi level via either phonon-assisted transitions or direct interband transitions[65]. 

According to ab-initio calculations[98], in contrast to the bimodal distribution for noble metals, 

Al performs a relatively homogeneous distribution D0 of both electrons and holes with respect 

to energy. Only those hot electrons with sufficient energy to surpass the effective barrier given 

by Φbn are injected into the Si channel and be collected by the opposite Al feed line. For hot 

holes, the energy must be correspondingly greater than Φbp. 

Figure 4.32 shows the selectivity of capturing SPP-induced hot electrons and holes in a planar 

Al-Si-Al heterostructure device as a function of the back gate voltage. 

 



RESULTS AND DISCUSSION 

104 

 
Figure 4.32 Schematic illustration of hole (a) and electron (b) injection at the negative and 

positive back-gate voltages, respectively. The injected hot electrons and holes can be derived 

as ∫ 𝐷 𝑑𝐸  and ∫ 𝐷 𝑑𝐸, as indicated with the shaded regions. 

 

The effective barrier can thus serve as an energy filter, allowing both hot electrons and hot 

holes to be injected when the plasmon trench is irradiated with a 532 nm laser, as the bandgap 

of Si is much lower than the maximum plasmon energy ℎ𝜈. The net plasmon current should 

thus be equal to the difference between the two currents assigned to hot electrons and hot holes 

(|𝐼 | =  ∫  𝐷 𝑑𝐸 − ∫  𝐷 𝑑𝐸 , where D0 is the excited carrier distribution in Al). With 

the adjustment of the back gate voltage, the Fermi level EF changes resulting in the 

modification of the effective barrier and consequently the barriers Φbn and Φbp for hot carrier 

injection. For positive back gate voltages, the effective barrier for electron injection is lowered. 

Due to the homogeneous distribution of hot carriers in Al[98], the lower barrier height for 

electrons prefers electrons injection (i.e.  ∫  𝐷 𝑑𝐸  > ∫  𝐷 𝑑𝐸), resulting in a net positive 

plasmon current. However, it completely contrasts for negative gate voltages with the larger 

barrier height for holes (Φbn > Φbp), enabling a net negative plasmon current, due to preferred 

holes injection. 

The SPP-induced hot-carrier photodetection characteristics is demonstrated when one 

plasmonic trench is irradiated by a 532 nm laser in the power of 500 μW. Figure 4.33a 

demonstrates a comparison of the I/V characteristics in dark and under irradiation at the back-

gate voltage of VBG = 0. 
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Figure 4.33 (a) I/V curves of Al-Si-Al SBFET measured in the dark (blue) and under the 

irradiation (red) on the plasmon coupler at VBG = 0 V. The 532-nm laser beam is applied with 

a light power of 500 μW. The inset indicates the band diagram of Al-Si-Al heterostructure 

device at VBG = 0 V and VD = 0 V. (b) The transfer curves at the drain voltage of VD = 0 V in 

dark (blue) and under green laser irradiation (red).  

 

A typical I/V characteristic of the MSM device in the dark and VBG = 0 V is illustrated in Figure 

4.33a (blue curve). Under the irradiation of the plasmon coupler, a significant difference 

appears between two I/V curves in Figure 4.33a. Here, the observed additional current refers 

to as plasmon current.  

It is worthwhile to mention the reason of zero plasmon current under irradiation is not due to 

the lack of an external bias. Because the SPP-induced hot carriers can be injected into the Si 

channel and further diffuse to the opposite electrode, resulting in the generation of plasmon 

current. The actual origination is illustrated in the inset of Figure 4.33a. At zero back gate 

voltage and drain bias, the effective barrier for hot electrons and hot holes are approximately 

the same, thereby allowing the almost same number of electrons as holes to be injected.  In 

other words, at VD = 0 V plasmon current induced by hot electrons is compensated by that 

originated from hot holes. This is thus a direct experimental evidence for the theoretically 

predicted symmetrical distribution of hot charge carriers arising during the non-radiative decay 

of SPPs in Al[98].  

This symmetry regarding the equal injection of hot electrons and holes can be broken via the 

back gate voltage, as modulation of effective barrier heights by the back gate can alter the 

injection number of hot electrons and hot holes, which has been discussed before (See Figure 
4.32). Figure 4.33b illustrates the modulated current at different back gate voltage in dark and 
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under laser irradiation on the plasmon coupler. At VBG = -8 V, it produces a positive plasmon 

current of about IPL = 2.2 nA, due to predominant injection of hot holes. Conversely, at VBG = 

8 V the excess injection of electrons induces an opposite plasmon current of IPL = -2.2 nA. 

Around VBG = 0 V where approximately the same number of electrons and holes are injected, 

there should be zero plasmon current. However, a slightly negative current is observed, as in 

the Si segement the mobility and lifetime of holes is shorter than those of electrons.  

The scanning photocurrent microscopy technique is implemented to analyze the electronic 

band structure of the gated Si channel. In this measurement, the Al-Si-Al heterostructure is 

irradiated by a diffraction-limited laser spot at the wavelength of 532 nm and a beam diameter 

of ~800 nm while the device photocurrent is recorded as a function of the local position of the 

laser spot. Figure 4.34a shows the scanning photocurrent mapping of the Al-Si-Al SBFET at 

various back-gate voltages VBG and a drain voltage of VD = 0V. 

 

 
Figure 4.34 (a) Scanning photocurrent maps of the Al-Ge-Al SBFET under various back-gate 

voltages. The laser wavelength, light power and drain voltage are 532 nm, 500 μW and VDS = 

0 V, respectively. (b) The corresponding electrostatic potential under various back gate 

voltages.  
 

At the back-gate voltage of VBG = -40 V, the largest photocurrent appears near the two Al-Si 

interfaces. It indicates the existence of the Schottky junction providing a depletion region with 

a strong build-in electric field near the interface. A pronounced polarity switching behavior 

shows up when the laser spot moves from the source towards the drain, in agreement with the 

back-to-back biased Schottky barriers. Besides, photocurrent gradually declines while the 

corresponding position moves farther away from the interface, demonstrating the limited width 
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of the depletion region. Therefore, the transport dynamics of photo-generated carriers at zero 

drain bias and the back-gate voltage of VBG = -40 V can be described as follows: when the laser 

spot illuminates the Al/Si interface close to the drain electrode, it induces photo-generated 

electrons and holes. The electrons are accelerated toward the drain electrode, due to the build-

in electric field in the depletion region, thereby enabling a positive photocurrent.  

Not surprisingly, while the back-gate voltage is adjusted to 40 V, a distinct polarity switching 

behavior shows up, due to the changed direction of the build-in electric field.  

The effective electrostatic potential Eeff (See Figure 4.34b) can be derived via the spatial 

integral of the photocurrent [119], given by 𝐸 ∝     𝐼 (𝑥)𝑑𝑥 (4.24) 

When the back-gate voltage VBG increases from -40 V to +40 V, the bending of the effective 

electrostatic potential-position curve switches from downward to upward presenting the same 

change of the electronic band.  
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4.2.3.2 Plasmonic photovoltaics for Al-Si-Al SBFET 
The possibility to filter plasmon generated charge carriers enables the exploration of a 

plasmonic on-chip energy harvester based on the Al-Si-Al heterostructures. Figure 4.35 

illustrates the Al-Si-Al heterostructure device in the split-gate configuration. 

 

 
Figure 4.35 Schematic diagram of the Al-Si-Al heterostructure device with two split gates. 

The source, drain, the left split gate, and the second split gate are denoted as S, D, SG1, and 

SG2, respectively. The inset illustrates the corresponding optical image. 

 

Such a split-gate Al-Si-Al SBFET is resembled with two ITO gates directly atop of the Al-Si 

interfaces. The other components are similar to that of the back-gate Al-Si-Al SBFET 

mentioned before (see Chapter 4.2.3.1). The SPCM measurements are carried out to verify 

the band bending for different split-gate voltages (see Figure 4.36). Figure 4.36a shows the 

optical image of the Al-Si-Al heterostructure the Al-Si-Al heterostructure with ITO split gates 

atop the two Al/Si interfaces. Figure 4.36b and c illustrate the respective photocurrent maps 

for various split-gate voltages. Like the back-gate Al-Si-Al SBFET, the device exhibits n-type 

behaviour if both split-gate voltages are positive (see the lower-right inset in Figure 4.36d).  
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Figure 4.36 Optical image (a) and photocurrent images for the unbiased Al-Si-Al SBFET with 

(b) both split gates at VSG1 = VSG2 =3 V and (c) split gates with opposite polarity of VSG1 = 3 

V and VSG2 = -3 V. (d) Plot of effective electrostatic potential Eeff along the Si channel of the 

SBFET for equal and opposite poled split gates and the respective band structures and charge 

separation mechanisms in the insets. 

 

Again the largest photocurrent apparently shows up near the gated Al-Si junction. If the contact 

region is irradiated, photogenerated electrons and holes are accelerated by the strong build-in 

electric field provided by the Schottky contact, consequently generating the largest 

photocurrent. But for opposite polarities at the split gates (VSG1 = -3 V and VSG2 = 3 V), a 

significant photocurrent appears if the irradiation is located in the middle of the device. It 

should be attributed to a build-in electric field of the virtual p-n junction (see the upper-left 

inset in Figure 4.36d), which is formed for opposite biases of split gates. Eq. 4.24 is employed 

again to calculate the effective electrostatic potential Eeff. Figure 4.36d illustrates the built-in 

electric field with the virtual p-n junction, corresponding to opposite polarity split gates (VSG1 

= -3 V and VSG2 = 3 V). The rectifying performance of the I/V characteristic in dark (see blue 
curve in Figure 4.37) is another proof for forming the virtual p-n junction in the Si channel.   
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Figure 4.37 I/V curves measured in dark (blue) and under irradiation (red) of the plasmonic 

coupler at split-gate voltages of VSG1 = -3 V and VSG2 = 3 V. The laser wavelength and power 

are 532 nm and 500 µW, respectively. The inset shows the corresponding band diagram at the 

drain bias of VD = 0 V. 

 

When the plasmon coupler is irradiated, the resulting I/V curve remains the similar shape like 

the one tested in dark, but shifts downward due to the generation of plasmon current. The hot 

carriers originating from the non-radiative decay of SPPs can surmount the Al/Si Schottky 

barrier if their energy is sufficient enough. Subsequently they are separated inside the virtual 

p-n junction and get collected by the Al electrodes. Like for a conventional solar cell, the 

parameters named the short-circuit current Isc and the open-circuit voltage Voc are extracted 

from the I/V characteristic measured under irradiation (see the red curve in Figure 4.37). In 

the short-circuit state, the plasmonic solar cell can provide the short-circuit current of Isc = -2.7 

nA flowing through the external circuit. In the ideal case, the short-circuit current should be 

equal to the plasmon current induced by hot-carrier injection. In the open-circuit state, no 

current flows through the external circuit, meaning that the plasmon current is compensated by 

the dark current. In this case the plasmonic solar cell provides an open-circuit voltage of Voc = 

0.2 V.  

The open-circuit voltage Voc can be modulated by the applied split-gate voltages. Figure 4.38a 

shows the open-circuit voltage Voc under different split gate voltages and Figure 4.38b 

illustrates the respective band structure diagrams corresponding to some selected combinations 

thereof.  
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Figure 4.38 (a) The detailed maps of open-circuit voltage Voc under different split-gate 

voltages. The irradiation power and the drain bias are 500 μW and 0 V, respectively. (b) Five 

typical band diagrams induced by different split-gate voltages.  

 

In contrast to electronic impurity doping, the gate-bias-induced virtual doping apparently 

exhibits a more versatile and convenient modulation on the polarity and concentration of charge 

carriers. Compared to the split-gate voltage combination (VSG1 = -3 V and VSG2 = 3 V, the 

opposite combination (VSG1 = 3 V and VSG2 = -3 V) can reverse the polarity of the p-n junction 

and thereof the polarity of Voc as well (see Figure 4.38a).  

If a symmetric split-gate voltage of 3 V is applied on both split gates, the Al-Si-Al 

heterostructure SBFET performs n-type behaviour (see Figure 4.38b). In contrast, a p-type 

behaviour appears if both split gates are negatively biased (VSG1 = VSG2 = -3 V)  [120,121]. In 

these cases, no virtual p-n junction is formed, thereby resulting in a zero Voc. 
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Chapter 5 
Summary and outlook 

A systematic and fundamental study on CMOS-compatible on-chip plasmon detection systems 

is presented. The devices comprising a plasmon antenna, plasmon waveguide and a hot-carrier 

detection component are assembled by a monolithic Al-Ge-Al or Al-Si-Al heterostructure 

based on GeOI and SOI wafers, respectively. The self-aligned fabrication process is based on 

a thermally induced exchange reaction between Ge (or Si) and Al pads, enabling on-chip 

plasmon detection system without lithographic restrictions. To investigate the fundamental 

dynamics of hot carriers arising from the non-radiative decay of SPPs at the metal-

semiconductor interface, electrostatically gated device architectures are realized. 

As the generation of hot carriers by Landau damping or chemical interface damping of surface 

plasmons is of particular interest to the fundamental aspects of extreme light-matter 

interactions as well as for potential practical applications, a profound introduction of 

background knowledge in terms of hot-carrier photodetection from the material level to the 

device level is elaborated in the theory chapter. Further, the basics of plasmon generation and 

guiding, as well as the working principle of hot-carrier detection devices are introduced.  

In the chapter regarding the experimental techniques, the fabrication process of hot-carrier 

photodetection devices is discussed, including Al-Ge-Al heterostructure and Al-Si-Al 

heterostructure SBFETs in different electrostatically gated configuration (i.e. back-gate or top 

split-gate architecture). Subsequently, the measurement setups for electrical and optoelectronic 

characterization are discussed in detail. Some special techniques, like temperature-dependent 

electrical measurements, the scanning photocurrent microscopy and the modified pump-probe 

cross-correlation technique, are introduced as effective characterization methods for 

sophisticated nanophotonic studies. 

In the final chapter results and discussion, firstly the Al-Ge-Al heterostructure based devics are 

discussed. In particular, some phenomena with respect to the dynamics of hot carriers are 

explored, like negative photoconductivity and a photodetection scheme exhibiting superlinear 

current-power law. Additionally, a modified pump-probe cross-correlation technique is utilized 

to measure the response time of the plasmon detection system, demonstrating an ultra-fast 

response of around 50 GHz realized by a compact Al-Ge-Al heterostructure SBFETs with a 
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channel length of less than 100 nm. Afterwards, using devices based on Al-Si-Al 

heterostructures the selective injection of hot carriers is demonstrated with significant potential 

for implementing for on-chip photovoltaics. 

Further, the main findings for Al-Ge-Al and Al-Si-Al based plasmonic devices are as follows 

• Light absorption, surface plasmon polariton generation and effective separation of hot 

charge carriers arising from the non-radiative decay of surface plasmon polariton is 

realized in monolithic Schottky barrier field effect transistors. 

• The monolithic Al leads perform a dual function and simultaneously carry both optical 

and electrical signals, giving rise to exciting new capabilities. 

• Via electrostatic modulation of the effective barrier height of the Schottky junctions, 

the transfer of hot charge carriers arising from the non-radiative decay of SPP can be 

tuned with respect to their energy and polarity. Thus generated hot carriers with 

sufficient energy to surpass the effective Schottky barrier are injected into the 

semiconductor channel and generate a detectable current. For these excited carriers the 

momentum must be in the direction towards the metal-semiconductor junction, so that 

the carrier’s kinetic energy component in that direction is sufficient to overcome the 

Schottky barrier. The difficulty of achieving both energy and momentum matching is 

in general a main cause of the low quantum efficiency for extracting excited carriers in 

plasmonic devices. The actual monolithic device architecture is ideal in view of this as 

the SPPs are directly guided towards the metal-semiconductor interface. 

• As a direct consequence of the monolithic architecture and thus improved momentum 

matching the devices have proven to be extremely effective plasmon detectors with an 

external quantum efficiency of EQE = 2.5%. Although no optimization with respect to 

effective plasmon coupling or SPP waveguiding has been done yet, this is quite 

remarkable since for other electrical plasmon detectors EQEs of less than 1% have been 

reported.  

• Aside of barrier modulation, split gates can emulate a virtual p-n junction in the Si 

channel, making the plasmonic Al-Si-Al device working as a solar cell. The realized 

transparent gate stack enables further to investigate the electrical potential in the device. 

Combined with electrical measurements this reveals the mechanisms of excited charge 

carrier transfer during the non-radiative decay of SPPs at the metal-semiconductor 

junction. 



 

115 

• A planar Al-Ge-Al photo-responsive heterostructure device with monolithic Al 

source/drain contacts equipped with a plasmon coupler is experimentally demonstrated. 

The deep-sub-micrometer scaled Ge channel comprises in effect a hot-carrier 

photodetector with a ballistic carrier transport. The demonstrator detector tested with 

1560 nm light revealed a bandwidth around 50 GHz. Due to the nature of the electric 

signal generation, the detector features a responsivity of 0.35 mA/W at 1560 nm at 

notably zero bias. 

Most notably, the standard top-down fabrication combined with a novel post-annealing method 

surmounts the size limit of lithography, enabling ultra-short Ge or Si channels, thus 

demonstrating the promising potential in the large-scale integration based on GeOI or SOI 

wafers. This thesis illustrates negative photoconductivity and selective injection of hot 

electrons/holes, both of which can provide the state for building plasmonic logic gates and 

further plasmonic logic circuits. In addition, the virtual p-n junction realized by the split-gate 

configuration shows possible application for CMOS-compatible plasmonic photovoltaics, 

which may have the capability of offering energy for on-chip autonomous nanosystems. 

Furthermore, SPP-induced hot carrier trapping likely enables plasmon-stimulated synaptic 

transistors for an on-chip neuromorphic platform in the future. Last but not least, the monolithic 

ultra-scaled and high-speed detectors have already been demonstrated in prototypes for future 

plasmonic interconnects. Nevertheless, a working on-chip plasmonic plateform still requires 

an effective plasmon source which have been realized recently using a metal-insulator-metal 

tunneling junction[122]. such a technology of an electrically pumped plasmon source could 

also be monolithically integrated into the existing process and would therefore complete the 

combined electrical-plasmonic plateform for future practical applications. 
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