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Abstract

The detection of light is of central importance in both fundamental science and applied

technology. Photodetectors, which aim at transducing optical stimulus into measur-

able electrical signals, are ubiquitous to modern society, and widespread from home-

electronics to more sophisticated applications. Harnessing solar light-energy has the po-

tential to replace current environmentally unfriendly fossil fuels, which is of paramount

importance for a sustainable development.

Fostered by the strong interaction of light with metal nanostructures, Plasmonics have

seen tremendous advances during the last decades. Unique phenomena such as intense

electric field enhancement and localization, plus tunable and high absorption across

the visible–infrared region of the spectrum are specially attractive for optoelectronic

applications. In that framework, plasmonics have been introduced to improve the

performance of photodetectors and solar cells by modulating the absorption in the

active semiconductor. Another approach consists instead in harnessing the energetic,

hot electrons, that arise after plasmon excitation in the metal. Within this scheme,

unlike in semiconductors, light can be absorbed in the tens of nanometer scale and the

optoelectronic spectral response tailored by metal-nanostructuring.

Plasmonic hot-electron optoelectronics has seen a very vivid research during the last

years. Early progress focused in the field of photocatalysis, where metal nanoparticles

where used to extend to the visible the spectral response of high-bandgap semicon-

ductors. Prior to this thesis, no solid-state plasmonic solar cells had been reported.

Further sensitization into the infrared was achieved by employing arrays of metallic

nano-antennas in a metal-semiconductor Schottky architecture. The fabrication of

these devices relied however on small-area and low-throughput lithographies, which

complicates the deployment of this technology for photovoltaic and photocatalytic

applications. Moreover, their performance remains yet on the low side.

The aim of this thesis is to further contribute to the development of this novel class

of devices, with emphasis in photovoltaic and photodetection applications. We start

ix
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by identifying the crucial role of the interface on the photovoltaic performance, where

we find that surface states hinder energy collection. We show that, by introducing an

ultrathin insulating barrier, these defects can be passivated allowing for solar energy

harnessing. This comes however at the cost of reduced hot-electron injection. The first

part of this thesis is focused on the interface optimization by both inorganic (chapter 3)

and organic (chapter 4) approaches. Inorganic passivation schemes allow for high open-

circuit voltages and fill-factors, but the mediocre short-circuit current limits device

performance. Organic passivation is achieved by the use of self-assembled monolayers

(SAMs). By controlling molecule’s shape and functionalization both open-circuit voltage

and short-circuit current can be tailored, enabling for higher performances and quantum

efficiencies that go up to 5%.

In chapter 5 we present a plasmonic crystal architecture to tailor the spectral response

of hot-electron plasmonic photodetectors across the visible-near infrared. We identify

and exploit the interplay between the different localized and lattice modes in the

structure, with responsivities up to 70 mA/W. Notably, this architecture is fabricated

by soft-nanoimprint lithography, a low-cost and high-throughput technique, compatible

with large-scale manufacturing processes such as roll-to-roll.

We conclude by presenting routes towards more efficient plasmonic hot-electron op-

toelectronics (chapter 6). We show that, on top of catering for surface passivation,

the metal-insulator-semiconductor architecture offers leverage in the design of solar

cells and photodetectors. The presence of the insulating layer serves to substantially

reduce the dark current, detrimental for open-circuit voltage and device sensitivity, com-

pared to the bare metal-semiconductor counterpart. Projected solar power-conversion

efficiencies up to 9% and specific detectivies above 1013 Jones can be achieved.

In summary, the results presented in this thesis showcase the potential of plasmonic hot-

carrier optoelectronics for photovoltaic and sensing applications. Our findings represent

a step forward for the deployment of this novel class of devices, and are also relevant

to other areas such as photochemistry.



Resumen

La detección de la luz es de vital importancia, tanto para la ciencia fundamental, como

para la tecnoloǵıa aplicada. Los fotodetectores, cuyo fin es transducir est́ımulos ópticos

en señales eléctricas, son ubicuos en la sociedad moderna, estando presentes en un

amplio abanico de dispositivos desde electrónica para el hogar, hasta las aplicaciones

más sofisticadas. El aprovechamiento de la enerǵıa de la luz solar tiene el potencial de

reemplazar las actuales fuentes de combustibles fósiles dañinas para el medio ambiente,

lo cuál es de importancia primordial en aras de un desarollo sostenible.

Empujada por la fuerte interacción de la luz con nanoestructuras metálicas, el campo de

la plasmónica ha visto tremendos avances a lo largo de las últimas décadas. Fenómenos

únicos, tales como el extraodinario aumento en la intensidad y la localización del campo

eléctrico, en conjunción con una elevada absorción ajustable a lo largo de el espectro

visible e infrarrojo, son especialmente atractivos para aplicaciones optoelectrónicas. En

ese contexto, la plasmónica se ha usado con vistas a aumentar el rendimiento de una

variedad de dispostivitos optoelectrónicos basándose en el incremento de la absorción en

el semiconductor activo. Otra estrategia consiste en el aprovechamiento de los electrones

energéticos que aparecen en el metal tras la excitación de un plasmón (comúnmente

llamados electrones calientes). Bajo este enfoque, y en contraste con el caso de los

materiales semiconductores, la luz puede ser absorbida en la escala nanométrica y la

respuesta espectral ajustada según un nanoestrucutrado adecuado.

La optoelectrónica de electrones plasmónicos calientes ha vivido una intensa investi-

gación a lo largo de los últimos años. Los primeros progresos se centraron en el campo

de la fotocatálisis, donde nanopart́ıculas metálicas eran utilizadas para extender la re-

spuestra espectral de semiconductores con una elevada banda-prohibida. Antes de esta

tesis, ninguna celda solar plasmónica en estado sólido hab́ıa sido descubierta.

La sensitización hacia el infrarrojo de estos dispositivos se ha llevado a cabo utilizando

distribuciones de nano antenas; la fabricación de éstas se ha basado en el empleo

de litograf́ıas de pequeña área y bajo rendimiento, lo que complica una eventual
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implantación de esta tecnoloǵıa. Además de esto, la eficiencia de dichos dispositivos

permanece a un nivel bajo.

El objetivo de esta tesis es profundizar en la contribución a esta nueva clase disposi-

tivos optoelectrónicos, con énfasis en fotovoláica y fotodetección. Comenzamos por la

identificación de la vital importancia de la interfaz en la eficiencia fotovoláica, donde

encontramos que estados superficiales entorpecen la recolección de enerǵıa. Mostramos

que, al introducir una capa aislante ultrafina, estos defectos pueden pasivarse permi-

tiendo el aprovechamiento de la enerǵıa solar. Ello viene acompañado sin embargo, de

una reducción en la inyección de electrones calientes. La primera parte de esta tesis

se centra en la optimización de esta interfaz con estrategias inorgánicas (caṕıtulo 3)

u orgánicas (caṕıtulo 4). La pasivación inorgánica permite alcanzar una alta tensión

en circuito abierto y factor de llenado, pero la moderada corriente de cortocircuito

limita la eficiencia de los dispositivos. La pasivación orgánica se lleva a cabo mediante

el uso de monocapas moleculares autoensambladas. Al controlar la forma o la fun-

cionalización de estas moléculas, tanto la tensión en circuito abierto como la corriente

en cortocircuito pueden ser ajustadas permitiendo mayores rendimentos y eficiencias

cuánticas de hasta del 5%.

En el caṕıtulo 5 presentamos una estructura basada en cristáles plasmónicos para ajus-

tar la respuesta espectral de fotodetectores fundamentados en electrones plasmónicos

calientes, a lo largo del visible e infrarrojo cercano. En el mismo, identificamos y ex-

plotamos la interacción entre los diferentes modos de la estructura (localizados y de

malla), con responsividades que van hasta los 70 mA/W. También importante, la fab-

ricación de esta arquitectura se basa en litograf́ıa de impresión blanda, una técnica de

bajo coste y alto rendimiento, compatible con procesos industriales como la fabricación

rollo a rollo.

Concluimos en el caṕıtulo 6 presentando rutas hacia dispositivos activos plasmónicos

más eficientes. Mostramos que, además de proveer de la pasivación de estados en la

interfaz, la arquitectura metal-aislante-semiconductor ofrece grados de libertad adi-

cionales tanto en el diseño de celdas solares como fotodetectores. La presencia de

la capa aislante sirve para reducir sustancialmente la corriente de oscuridad, factor

perjudicial tanto para la tensión en circuito abierto como para la sensitividad de los

fotodetectores. Nuestros calculos predicen eficiencias en la conversión de enerǵıa solar

de hasta 9% y detectividades espećıficas en el rango de 1013 Jones.

En resumen, los resultados presentados en esta tesis demuestran el potencial de la

optoelectrónica basada en electrones calientes para aplicaciones en fotovoltáica y en

fotodetección. Nuestros descubrimientos representan un paso adelante en la compresión
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de esta nueva clase de dispositivos, y son también relevantes para otras áreas tales

como fotoqúımica.
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1
Introduction

Optoelectronic devices, which aim at transforming light into electricity or vice versa,

are nowadays ubiquitous and found in cross-disciplinary applications, from everyday

products to more sophisticated technologies: imaging, sensing, spectroscopy, optical

communications, renewable energies, lighting, health, food inspection and so on. The

functionalities of optoelectronic devices are determined by the interaction of light

with their constituent active materials. Underpinned by the advent of silicon and the

deployment of the solid-state electronic industry, continuous technological advances

have been achieved during the last decades. Here we focus on optical sensing and

light-energy harvesting.

The field of plasmonics comprises the study of the interaction of light with free-electrons,

typically in metals or highly-doped semiconductors. Under certain conditions, light can

efficiently couple to this electron cloud giving rise to remarkable phenomena, such as

very intense and confined electromagnetic fields. Plasmons are classified depending on

the nature of their resonant behavior. Surface plasmons (SPs), are coherent electron

oscillations that are bound to the metal interface and delocalized along its surface.

They can be excited externally if an additional momentum is provided to the incident

1
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light, for example, by a grating (Figure 1.1a). On the other hand, localized surface

plasmon resonances (LSPRs) appear in nanostructured metals as a consequence of the

restoring force exerted by the positive ion-cores left behind upon electron oscillation

(Figure 1.1b).

- - -

- - -
+ + +

+ +
+

E

+ + +

- - - - - -

metal

dielectric

a b
light

SP

Figure 1.1: Types of plasmons and coupling schemes. (a) Surface plasmons
(SPs) can be coupled by periodic corrugations of the metal-dielectric interface that
cater for the extra momentum component. (b) Localized plasmons (LSPRs) arise in
nanoparticles due to the restoring force existing between the displaced electron cloud
and the positive ion cores.

The exceptional light-management capabilities endowed by plasmonic structures in-

clude: localization below the diffraction limit, field-intensities that can exceed by orders

of magnitude that of the incident light, and a very strong light-matter interaction (via

absorption and/or scattering), that can be tailored depending on the metal topology

at the nanoscale [1–5]. This is in contrast to semiconductors, where absorption pro-

cesses are determined instead by the bandgap of the material as electrons are promoted

from the valence to the conduction band (Figure 1.2a). Moreover, total absorption

in semiconductors typically requires much longer thicknesses (up to the micrometer

scale for Si) whereas in properly structured metals this can take place within tens of

nanometers [2–6] (Figure 1.2, panels b-d). The combination of these exciting proper-

ties with the increasing sophistication of nanofabrication techniques, has led to a very

intense research during the last decades; this has resulted in thriving applications in

cross-disciplinary fields, from biology to light-energy harvesting, that we briefly review

in the next section.

1.1 Plasmonics and its applications

The use of plasmonics has allowed for a great number of advances in a plethora of

fields, in view of the aforementioned light-management capabilities that go beyond

classical optics. Fields such as biology [7], chemistry [8,9], medicine [10,11], information
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Figure 1.2: Absorption in semiconductors. (a) Only photons with high enough
energy (above material’s bandgap Eg) can be absorbed. (b) The absorption coefficient
quantifies the probability for a photon to get absorbed while traversing the material.
For semiconductors, this poses a minimum thickness that ranges from hundreds of nm
(e.g. Ge, GaAs) up the micron scale (in the case of indirect bandgap semiconductors
such as Si) for full visible absorption. (c) In nanostructured metals, the absorption is
determined by the resonant nature of its electrons. (d) Full absorption can take place
within tens of nm.

processing and quantum optics [12–14] or energy harvesting [15, 16]. Focusing below

the diffraction limit opened the door for the manipulation of entities at the nanoscale,

enabling for example, for single molecule spectroscopy or enhanced capabilities for

ultra high-density data-storage. In conjunction with the enhanced electromagnetic

fields bound to the plasmonic resonances, plasmonic sensors have seen tremendous

advances [17]. Much effort has also been devoted during the last decades in order to

improve the performance of optoelectronic devices, such as photodetectors and solar

cells [15, 18–20], that we review in the next section.

1.1.1 Plasmonics for enhanced optoelectronics

The enhanced electromagnetic fields and light-matter interaction in plasmonic struc-

tures, soon attracted the attention of several research groups who aimed at improving

the performance of photodetectors and/or solar cells by modulating the absorption

in the active semiconductors layers of such devices. Three main mechanisms have

been studied for that matter, that are shown in Figure 1.3. The enhanced scattering

cross-section of plasmonic structures can be used to (i) improve the light coupling into
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the underlying semiconductor and (ii) increase the photon path length in the semicon-

ductor so as to enhance the absorption probability. Several groups have successfully

reported photocurrent enhancements by using this approach, both for solar cells [21–32]

and photodetectors [33–39]. Another interesting approach is to take advantage of the

enhanced near-field intensity in the vicinity of plasmonic structures to increase the

absorption rate in a neighboring semiconductor. In this case the structures need to

be embedded inside the active layer, and often insulating layers are employed as to

minimize pure electrical effects. This methodology is more challenging but has nev-

ertheless been reported to improve the performance of a variety of solar cells [40–44].

The last approach consists of guiding and localizing the light into specific areas and

locations. It has been proven useful for solar cells [45] and increasingly for photode-

tectors [46–49], where decoupling optical and electrical areas is interesting for noise

minimization.

Figure 1.3: Plasmonics for enhanced optoelectronics. The strong light-matter
interaction of plasmonic structures has been used to improve the performance of solar
cells and photodetectors following different schemes: (a) by light-trapping, or increasing
the path length of a photon inside a semiconductor. (b) By taking advantage of the
strong near-field enhancement in the vicinity of such structures. If embedded in a
semiconductor the net absorption could be increased. (c) By capturing, redirecting
and focusing the light to specific locations. This allows to decouple the optical and
electrical areas, which is interesting for noise minimization.

In summary, plasmonics has been widely employed to passively enhance the perfor-

mance in semiconductors by modulating their absorption. The main challenges of

this approach are the compatibility of device architecture with optimum plasmonic

structuring and overcoming the parasitic absorption that takes place in these metal

systems.
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1.2 Active photodetection with metals

Photoelectron emission from metals has been known since Hertz’s discovery in 1887,

and the subsequent Einstein report on the photoelectric effect. If illuminated with

high enough energy photons, metal electrons can be excited within the conduction

band to eventually escape the metal potential and be emitted into another medium

(Figure 1.4a). This phenomenon already found application for photodetection in the

early 1900s, with photocathodes, vacuum photodiodes, or photomultiplier and streak

camera tubes. This process, also known as internal photoemission, has been actively

exploited in metals-semiconductor junctions from the early 1970’s, where the electron

emission yield (Y ) was empirically found by Fowler to depend on the incident photon

energy (E) as [50],

Y ∝ (E − φb)2 (1.1)

where φb is the resulting Schottky barrier height (Figure 1.4b). This relation was

widely used to characterize the barrier, as it determines the spectral response of the

photocurrent yield.

--
light

metal

electrons
-

-

metal semiconductor

ϕb

Y
a b

Figure 1.4: Photoelectron emission. (a) If illuminated with high enough energetic
photons, metal electrons can excited and eventually escape the metal potential to be
emitted into another medium. (b) In metal-semiconductor Schottky junctions, the
emission yield is proportional to (E − φb)2.

The strong irruption of plasmonics, and the concomitant ability to tailor metallic

nanostructures with nanometric precision, gave rise to the next question: can plasmon-

ically excited electrons also be collected in a similar fashion? If so, this would open

up the exciting possibility of a new generation of devices that, with the extraordinary

properties offered by plasmonic light-matter interaction, could find application in a
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wide range of fields. Preliminary works pointed to this direction [51], the first clear

demonstration was reported in 2004 by Tian et al. in a photocatalytic system where

the obtained action spectrum closely followed plasmonic absorption [52]. In this way,

the photocurrent spectrum can be tuned by modifying plasmonic resonances,

Yp ∝ Y α(E) (1.2)

where α(E) is the plasmonic absorption. The physical mechanism enabling for the

collection of plasmonic electrons is called Landau damping, a phenomenon upon which

electron plasmas decay by generating electron-hole pairs. These energetic carriers are

also referred to as hot-carriers, since they are out of thermal equilibrium with an

effective Fermi temperature higher than the lattice. In the remainder of this thesis we

will indistinctly use the term hot plasmonic carriers or hot plasmonic electrons to cite

them. During the last years, the so-called hot-electron plasmonics has seen tremendous

advances [53,54].

1.3 Thesis objectives

The aim of this thesis is to develop a new class of optoelectronic devices whose func-

tionalities are facilitated from the plasmonic nature of metal absorption. In particular

we aim at answering the next questions focused in the areas of photovoltaics and

photodetection:

• Photoelectric energy conversion: light-energy harvesting is of central impor-

tance for sustainable development—photovoltaic renewable energy sources being

expected to replace environmentally unfriendly fossil fuels. Can optoelectronic de-

vices be designed so as to exploit plasmonic electrons in a solar cell configuration?

If so, how does the physics of these devices compare with standard semiconductor

optoelectronics, and how can we tailor their functionalities?

• Optimization of hot-electron injection yield: the reported yields for plas-

mon hot-electron mediated photocurrent generation is still low for practical ap-

plications. Could it be possible to optimize hot-electron harvesting architectures

to significantly improve this process?
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• Spectral tunability: one of the main attractive features of active plasmonic

optoelectronics is the possibility to geometrically tune the spectral response

in such devices. Is it then possible to find a device architecture that, while

catering for efficient and tunable photodetection be also compatible with large-

scale manufacturing processes?

1.4 Thesis outline

The content of this thesis falls into the next chapters:

• In chapter 2 we introduce and describe the physics behind the generation and

collection of plasmonic hot-electrons. We discuss the existent work and present

the main challenges prior to this thesis: (i) the demonstration of solid-state

active plasmonic solar cells and (ii) the necessity of a device architecture that,

compatible with large scale fabrication processes, allows for the exploitation of

plasmonic tunability with (iii) compelling performances.

• In chapter 3 we present a metal-semiconductor (MS) Schottky architecture to

harvest plasmonic hot-electrons, and identify the crucial role of the MS interface

for achieving light energy conversion. We show how the detrimental interface

properties can be leveraged by the introduction of a thin insulating passivating

layer, and how this affects the associated physical processes.

• In chapter 4 we delve into interface passivation, seeking to further improve device

performance. We present the use of self-assembled monolayers (SAMs) to tailor

the photovoltaic response of plasmonic solar cells. SAMs allow for much higher

efficiencies leading to record power-conversion efficiencies.

• In chapter 5 we introduce plasmonic crystals as an efficient platform for tailoring

the optical properties across the visible and near-infrared regions of the spec-

trum. Unlike in prior reports, we present the implementation of soft-nanoimprint-

lithography, a roll-to-roll compatible large-scale manufacturing method, to fab-

ricate highly tunable hot-electron plasmonic sensors. On top of that we report

operating conditions leading record performances in the field.

• In chapter 6 we discuss the potential road-map for plasmonic hot-electron appli-

cations. We present theoretical performance limits for prototypical devices, and

comment on the main opportunities and directions in the field.
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2
Plasmonic-Hot Electrons

In the previous chapter we have introduced the benefits offered by plasmonic light-

matter interaction, with emphasis in optoelectronic applications where plasmonics have

been employed to augment the absorption in semiconducting materials. Electrically

active plasmonic devices on the other hand, have remained largely underexplored. This

approach, which consists on harvesting highly energetic electrons photogenerated in

the metal, benefits from high optical absorption in metals, an effect that has been

seen as an intrinsic limitation in other plasmonic applications for enhanced optical

absorption in semiconductors or plasmon waveguides [15, 19, 20]. Unlike in semicon-

ductors, where total light absorption takes place in the micrometer scale, the strong

light-matter interaction of plasmonic systems allows for the design of quasi perfect and

omnidirectional absorbers that are tens of nanometers thick [3–5,55]. The high degree

of spectral tunability enabled by metal nanostructuring goes beyond classical semi-

conductor band-to-band absorption, which opens the door for new applications. This

chapter is organized as follows. First, we describe the fundamental processes behind

plasmonic hot-electron generation. We then proceed to introduce and review the main

hot-electron harvesting architectures for different applications. The fabrication tech-

niques relevant for hot-electron devices are presented in section 2.3, with emphasis on

9
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fabrication aspects such as throughput, scalability and associated cost. We conclude by

outlining current challenges in the novel field of plasmonic hot-electron optoelectronics

and by presenting the key objectives of this thesis.

2.1 Hot-electron generation

Metals can efficiently absorb light via: (i) intraband transitions from filled to empty

states in the conduction band, (ii) interband transitions and (iii) the excitation of

plasmons. Once excited, plasmons can loose their energy either radiatively (by emit-

ting a photon) or non-radiatively, by generating an electron-hole pair within the metal

conduction band (Figure 2.1). This process, so-called Landau damping, results in the

generation of a hot-electron population, with a temperature exceeding that of the

lattice and an energy dictated by the plasmonic resonance. The hot-electron gener-

ation efficiency is thus determined from branching ratio between non-radiative and

radiative channels. A minimum re-radiation is therefore a pre-requisite for efficient

hot-electron generation. The efficiency of the Landau damping mechanism, as well

as the associated dynamics, strongly depend on factors such as size, shape, material

and environment [56–58]. Typically, sizes smaller than 30 nm are required for more

efficient non-radiative decay. Once excited, the hot-electron, out-of-equilibrium popula-

tion, thermalizes at a given effective temperature distribution, that could be described

by Fermi–or approximated by Maxwell-Boltzmann–statistics, via electron-electron scat-

tering. These events typically take place within hundreds of femptoseconds [59]. Con-

currently, heat is dissipated into the lattice by electron-phonon inelastic scattering

within 3-5 ps [57]. The lifetime of out-of-equilibrium electrons in metals is also energy

dependent, and inversely proportional to (E − EF )2 [60].

To harvest the hot-electron population, one must collect the excited electrons before

thermalization. This means that electrons, which are only driven by their thermal

motion, need to reach the metal interface in a fast timescale and retaining high enough

kinetic energy so they can be extracted (Figure 2.2). The electron emission distribution

is therefore important to describe this process. Although the Fowler-DuBridge theory

for electron photoemission from metals assumes that electrons are emitted isotrop-

ically [50, 61], several reports indicate that the distribution of hot-electrons in the

momentum space for nanostructured materials is not trivial, and depends on factors

such as the crystal structure and field intensity [62–65]. As they move, excited electrons

can undergo several scattering events with other free-electrons in the metal. In these

inelastic collisions, the total momentum has to be conserved, resulting in the redistri-

bution of the kinetic energy among the involved charges. The average distance traveled
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Figure 2.1: Plasmonic damping and hot-electron generation. Metals can ab-
sorb light either by: (i) intraband transitions from filled to empty states in the conduc-
tion band, (ii) interband transitions and (iii) plasmon excitation. Excited plasmons will
loss their energy either radiatively or by exciting an electron-hole pair within the metal
conduction band. This generates a hot-electron population with an energy dictated
by the plasmonic resonance (in the femptosecond time-scale). The hot-electron, out-of-
equilibrium population, establishes an effective Fermi-temperature by electron-electron
scattering within hundreds of femptoseconds. Heat is be dissipated into the lattice by
electron-phonon inelastic scattering within 3-5 ps [57].
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Figure 2.2: Hot-electron physics. (a) Thermally-excited electrons will move with
a momentum k = kxx + kyy + kzz. The distribution of hot-electron emission in the
momentum space is not trivial and depends on factors such as crystal structure and
field intensity. (b) While in motion, excited electrons can undergo scattering events with
other free-electrons in the metal. In this inelastic process the momentum is maintained
and the kinetic energy distributed. An electron can statistically move collision-free
within a distance LMFP , so-called electron mean free path. (c) Three-step model to
describe hot-electron injection over a Schottky barrier. (1) electron excitation, (2)
transport to the interface and (3) tunneling over a barrier of height φb.

by an electron before electron and phonon scattering result in thermalization is the

so-called electron mean free path (LMFP ). This quantity depends both on the material

properties and on the electron energy [66], approximately following a (E − EF )−2

behavior. A simple, three-step model to qualitatively describe the processes involved

in hot-electron injection over, for example, a Schottky barrier, is shown in 2.2c as

formulated by Spicer et al. [67]. After electrons are excited (1), the ones arriving at

the interface (2), with enough kinetic energy can tunnel to the semiconductor (3). De-

pending on the application, different architectures that harvest plasmonic hot-electrons

have been used that we review in the following section.

2.2 Hot-electron harvesting architectures

The first evidences of hot-electron injection were reported in the field of photocataly-

sis [51, 52], seeking to extend the TiO2photoanode response (limited by the bandgap

of the material at 3.2 eV) into the visible. Within this approach, illuminated metal

nanoparticles that are adsorbed onto the TiO2, inject hot-electrons in the anode and

get replenished by a liquid electrolyte (Figure 2.3a). The observation of these phe-

nomena gave rise to subsequent increasing activity in the field of plasmonic photo-

catalysis [9, 41,53,68–85]. The application of plasmonic hot-electrons for photovoltaic

applications was not reported until 2009, where in an analogue to a dye-sensitized

configuration (Figure 2.3b), Chen et al took advantage of electron injection from gold

nanoparticles to ZnO [86]. In this architecture plasmonic electron-hole pairs are split
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and collected by electron transport layers (such as TiO2or ZnO) and the electrolyte.

In view of the some undesirable properties of liquid electrolytes for practical purposes,

viz. electrode corrosion, leakage and degradation, solid state alternative materials, such

as Spiro-OMeTad have also been explored [87]. In parallel, Wang et al. reported the

visible sensitization of TiO2solar cells where no hole-transport material, but a trans-

parent counter electrode, was used, and suggested the possibility of energy harvesting

in a metal-semiconductor only plasmonic solar cell [88]. Prior to this thesis all plas-

monic hot-electron energy harvesting schemes relied on the use of photocatalytic or

dye-sensitized devices.
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Figure 2.3: Hot-electron harvesting architectures. (a) Photocatalytic devices
can take advantage of plasmonic hot-electrons by collecting electrons and holes, re-
spectively, for reduction and oxidation processes. (b) In a dye-sensitized architecture
a photocurrent can be obtained when energetic electrons from the metal are injected
into the TiO2while being replenished by the surrounding electrolyte. (c) In a Schottky
metal-semiconductor (MS) diode, the structure allows the plasmonic electrode to act
as a cathode, emitting hot electrons into the semiconductor (for example TiO2, ZnO or
Si). (d) A metal-insulator-metal (MIM) architecture can produce a net photocurrent
provided the injection between electrodes is not balanced.

The simplest architecture to harvest plasmonic hot electrons is the metal-semiconductor

(MS) Schottky junction (Figure 2.3c). In this approach, energetic electrons can be

collected from the metal electrode provided they arrive to the interface with enough

kinetic energy to overcome the existing barrier (φb). The built-in field that exists in

the semiconductor aids the injected electron to recirculate and recombine with a hole

in the counter electrode thus generating a plasmonic photocurrent. Due to its apparent

conceptual and fabrication simplicity [89], several works made use of this architecture

to report hot-electron plasmonic sensors in a Schottky diode or metal-insulator-metal
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configuration [64, 90–98]. Among them, the work of Knight et al. set the ground for

tunable plasmonic sensing, correlating the spectral response of the photocurrent with

the plasmon resonance of metallic nano-antennas of different lengths. Despite the

large number of works utilizing this architecture, in none of them was hot-electron

photovoltaic response reported.

Another strategy to harvest hot-electrons is through the metal-insulator-metal (MIM)

structure (Figure 2.3d). This scheme consists of two metal electrodes separated by an

insulating layer. Electron injection can occur for barriers thin enough or under the

presence of bias [99–101]. This architecture, adopted from the rectenna concept in the

GHz and THz regimes [102], have so far suffered from low experimental efficiencies due

to the presence of oxide insulating barriers which, on the nanometre scale and with

shallow electron affinities, reduce hot-carrier injection [99,101].

A major aspect that needs to be considered is the fabrication compatibility of these

devices with the nanostructuring required for spectral tunability. Large-scale, low-cost

manufacturing processes, are a requisite for photocatalytic and photovoltaic appli-

cations, but so far fabrication methods have consisted of low-throughput and costly

methods. In the next section we review the main fabrication techniques employed in

the literature for plasmonic hot-carrier devices.

2.3 Fabrication techniques for hot-electron devices

The fabrication of hot-electron devices relies on current techniques employed for plas-

monic architectures. Proper metal nanostructuring schemes are thus required in order

to precisely manipulate light interaction, which demands features be in the range of tens

of nanometers. Most nano fabrication techniques can typically fall into two large cate-

gories, depending on the methodology and scale-sequence utilized during the process.

Those are top-down and bottom-up methods. The first one encompasses large-scale

patterning of down to nanoscale features, whereas the second relies on the sequential

structuring from nano or atomic scale entities to create more complex architectures.

Mainly driven by the semiconductor and IC industry, the use photolithography has

been mastered and standardized. This technique relies on the use of an opaque mask

that define exposure areas for a light-sensitive polymer (photoresist). Upon illumi-

nation, the physical properties of the polymer will change resulting in a patterned

photoresist that can be employed in subsequent fabrication steps. Two main subclasses

of photolithography exist depending on how the photomask is placed with respect to

the resist: contact and projection printing. In the first one the mask physically contacts

the resists, and allows features to be down to the µm scale. Projection printing, which
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is more sophisticated, combines the photomask with UV lenses allowing to achieve

resolution of few tens of nanometers at the wafer scale (see table 2.1). Despite the high

throughput and the satisfaction of the fabrication criteria for metallic nanostructures,

the machinery required is extremely expensive, where state of the art equipment would

cost over 10M$ for example [103]. This approach is thus mainly utilized for ICs and

CPU chip fabrication. The fabrication of most plasmonic structures, and in particular

of hot-electron plasmonic IR-sensitized sensors, have relied to date on either electron

beam (EBL), or focused ion beam (FIB) lithographies. EBL is based on the use of

an accelerated electron beam that focuses on an electron-sensitive resist. Due to the

high energy of the impinging, accelerated electrons, the resolution is well beyond the

diffraction limit, mainly limited by resist processing. In spite of the great resolution

capabilities offered by this technique, it is an expensive and multi-step process with a

very low throughput thus incompatible with mass-production. FIB relies on the use

of an accelerated ion beam. Within this approach metallic atoms are readily removed

from the film by heavy-mass ion collisions. The same drawbacks hold however for this

technique.

Soft-lithography was introduced first by Bain and Whitesides [104]. It relies on the

use of a polymer stamp to imprint a solution of molecules onto a substrate. It requires

inexpensive materials and equipment presenting itself as a low cost and high through-

put technique. Following this methodology Nano-imprint lithography (NIL) utilizes a

hard mold to imprint an elastomer polymer for nanoscale patterning. Patterns can be

transferred to the resist with minimum local deformation, allowing features to be in the

sub-10 nm range [105]. It holds the potential to surpass the aforementioned issues of

both photolithograpy, EBL and FIB, for it combines high resolution with low cost, large

throughput and large scale, and is compatible with already established manufacturing

processes such as roll-to-roll. Another technique that combines being high throughput

and low cost is the use of solution processable schemes for device fabrication. Metallic

nanoparticles, or more complex shaped structures such as nanorods, tetrapods and

platelets among others, can be synthesized in solution for device fabrication. Despite

its potential, it has remained largely unexplored for plasmonic-hot electron devices

beyond the visible regime (table 2.1).

In summary, all research related to plasmonic hot electron devices has relied on the use

of metallic nanoparticles or randomly textured films for visible light sensitization, or

on complex, expensive and low throughput techniques for extended spectral response.

The lack of a platform capable of attaining spectral selectivity while meeting realistic

fabrication criteria for large scale manufacturing is still a major impediment for the

full exploitation of optoelectronic active plasmonic sensors.



Chapter 2. Plasmonic-Hot Electrons 16

Table 2.1: Summary of fabrication techniques for plasmonic devices. Adapted
from [105]

Fabrication Minimum Throughput Cost Regime Refs.
Technique Feature Size

Photolithography 1µm high high NIR -
(contact)

Photolithography tens of nm high high VIS-NIR [6]
(projection)

Electron beam 5 nm low high VIS-NIR [92,106,107]
lithography [64,101,108]

Focused ion beam 5-20 nm low high VIS-NIR [98]
lithography

Soft-lithography tens of nm high low VIS-NIR -

Nano-imprint <10 nm high low VIS-NIR -
lithography

Solution 1 nm high low VIS-NIR1 [52, 70,72]
processable routes [73,79,87]

Electrodeposition 30 nm high low VIS [71,94]
or metal [81,85]

coalescence

2.4 Figures of merit

In this section we briefly outline the main figures of merit of optoelectronic devices for

both photodetection and photovoltaic applications.

Photodetectors

An optoelectronic photodetector is characterized for transducing an optical stimulus

into an electrical signal. One stand-alone figure of merit to quantify the electrical

response of the detector is the responsivity (R). This quantity reflects how much

electrical current is obtained per incident optical power and is measured in amperes

(or volts) per watt. Responsivity can be translated into another figure, the external

quantum efficiency (EQE), that yields the number of photogenerated electrons collected

per incident photon. This quantity lies within the [0, 100%] interval unless multiplication

gain mechanisms take place. The internal quantum efficiency (IQE) is subtly different,

as it reflects instead how many electrons are collected per absorbed photon. In the

absence of illumination a photodetector is characterized by its dark current, which
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should be minimized to lower power consumption and associated noise processes. The

sensitivity, or the minimum optical power that a detector can discern, is expressed

by the noise equivalent power density (NEP), that combines both responsivity and

noise spectral power density Sn. Another, more complete figure of merit to qualify the

performance of photodetectors is the so-called specific detectivity (D∗). Unlike NEP,

D∗ also accounts for device area and bandwidth, allowing cross-comparison between

different families of devices. These photodetector figures of merit are summarized in

table 2.2.

Table 2.2: Photodetector figures of merit.

Name Expression Units Definition

Responsivity (R) Iph(λ)/Pinc A/W Photocurrent per
incident optical
power

EQE hcR/(λq) - Electron ratio to
to incoming
photon rate

IQE EQE/a(λ) - Electron ratio to
to absorbed
photons a(λ)

Dark current (Id) A Current without
illumination

NEP Sn/R W/Hz1/2 Noise equivalent power
power. Sn is
the noise spectral
power density

Normalized
√
AdB/NEP Jones Detector’s sensitivity

detectivity (cm Hz1/2/W) normalized to area Ad
(D?) and bandwidth B.

Photovoltaic devices

In order for a solar cell to deliver power into a load, it must simultaneously sustain a

voltage and deliver current while illuminated (Figure 2.4). The voltage at open-circuit

conditions is called the open-circuit voltage (Voc), while the current at short-circuit

conditions short-circuit current (Jsc). Maximum power throughput occurs at the point

(Vmpp, Jmpp). The fill factor (FF) quantifies how well a solar cell takes advantage of Voc

and Jsc, and calculated as the ratio of maximum power with their product. It ranges

between 0 and 1, with 1 corresponding to the ideal case. These figures of merit are
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also summarized in table 2.3. The spectral response of solar cells is characterized by

the EQE and IQE measured at short-circuit conditions.
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Figure 2.4: Solar cell operation and figures of merit. In order to be able to
deliver power, a solar cell must sustain a voltage while delivering current. The voltage
at open-circuit conditions is called open-circuit voltage (Voc) and the current at short-
circuit conditions short-circuit current (Jsc). Maximum power throughput occurs at
the point (Vmpp, Jmpp). The fill factor (FF), is the ratio of maximum attainable power
with the product Voc Jsc.

Table 2.3: Figures of merit of photovoltaic devices.

Name Expression Units Definition

Open-circuit voltage (Voc) V

Short-circuit current (Jsc) A

Vmpp V Voltage at maximum
power point

Jmpp A Current at maximum
power point

Fill Factor (FF) VmppJmpp/VocJsc

PCE VocJscFF/Pinc Power-conversion efficiency

2.5 Prior art in hot-electron optoelectronics

In this chapter we have introduced the main physics of plasmonic hot-electron genera-

tion. Despite the increasing amount of research in plasmonic hot-electrons for sensing

and energy harvesting applications, most of the efforts have focused in the area of

photocatalysis. Prior to this thesis the state of the art in hot-electron optoelectronics
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could be summarized as follows:

• Photocatalytic devices: the first demonstration of active plasmonic devices

dates back to the work of Tian et al. at 2004 [52]. This started a very active

research in the field, which relied on the use of metal nanoparticles or electrode-

posited architectures to extend the response of wide-bandgap semiconductors in

the visible [109]. At 2010 sensitization into the near-infrared was reported by

Nishijima and coworkers following an EBL fabrication procedure [106].

• Schottky diodes: early demonstration of active surface plasmon detection dates

back to 2009 by using MIM waveguides or nanowires or Schottky junctions [90,91].

In 2011 Knight et al. correlated the plasmonic properties of optical nanoantennas,

such as length and polarization, with the hot-electron spectral response [107].

The responsivity of these devices was rather low, on the order of few µA/W, and

fabricated by EBL. In none of these devices a photovoltaic response was reported.

2.6 Challenges in hot-electron optoelectronics

Based on the prior art in hot-electron optoelectrons, this aim of this thesis was to

accomplish the next challenges:

• Demonstration of a plasmonic Schottky solar cell: active plasmonic de-

vices for light energy harvesting have relied so far in a dye-sensitized like archi-

tecture. Herein we explore the option of building a more robust, all-solid state

metal-semiconductor solar cell, where photoexcited carriers are derived from the

plasmonic excitation of the metal electrode.

• Active control over photovoltaic figures of merit: the unconventional

physics of plasmonic solar cells leave an open question. Can figures of merit

such as open-circuit voltage and short-circuit current be tailored to optimize the

overall power conversion efficiency?

• Large scale and tunable fabrication scheme: one the most appealing op-

portunities endowed by the plasmon generation is the possibility to tailor the

spectral photoresponse of hot-electron devices for specific applications. We have

seen however that, as to this point, all reports have relied on the use of low

throughput and costly fabrication techniques. In this thesis we examine novel

plasmonic photodetector architectures which on top of a high degree of tunability

are compatible with large scale manufacturing processes.
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• Compelling performance: despite the great and rapid achievements in plas-

monic hot-electron photodetection, reported device performances are still orders

of magnitude far from current established technologies [18, 110,111]. Advancing

the performance of hot-electron devices is therefore of paramount importance for

this technology to be commercially employed.



3
Plasmonic Hot-Electron Photovoltaics

Photovoltaic devices that exploit plasmonic hot-electrons have relied so far on a dye-

sensitized architecture. A more robust and straightforward approach for hot-electron

harvesting is the Schottky metal-semiconductor junction. Despite the intense research

in the field, Schottky solar cells that take advantage of plasmonically generated carriers

have never been reported hitherto. In this chapter we identify the crucial role of the

interface in a Schottky junction to demonstrate for the first time active plasmonic

Schottky solar cells. First, the plasmo-electric effect is demonstrated with quantum

efficiencies up to 4%, but in the absence of photovoltaic effect. In the next section,

surface states at the semiconductor-metal interface are identified to pin the semiconduc-

tor Fermi level, leading to the eventual reduction or suppression of Voc. To surmount

the detrimental effect of these states we report the use of an ultrathin inorganic layer

that enable their passivation thus recovering Voc and producing a photovoltaic effect.

The introduction of this passivation layer results however in a strong modification of

hot-carrier injection mechanisms, and comes accompanied by a reduced hot-carrier in-

jection efficiency and Jsc. The presented passivation scheme is then optimized for higher

Jsc while sustaining Voc, yielding a maximum PCE = 0.03%. The spectral harnessing

potential is assessed for different metals, which result in a joint modification of the

21
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plasmonic and electronic properties of the devices. Hot-carrier injection and transport

mechanisms are finally proposed that account for the observed differences.

3.1 Plasmonic photoelectric conversion

As introduced in the previous chapter, two conditions need to be simultaneously satis-

fied in order to harvest plasmonic hot-electrons: (i) efficient incident light to plasmon

coupling structure, that must be compatible with a given device architecture, and (ii)

the presence of a static electric that separates plasmonically generated electron-hole

pairs before thermal relaxation. The first condition calls for a proper metal nanostruc-

turing, that can couple efficiently incident light to plasmons. The fabrication method

should ideally be compatible with large-scale manufacturing processes, a requisite for

light energy harvesting applications. Metal-semiconductor Schottky junctions are the

most straightforward platform for hot-electron collection. The optoelectronic proper-

ties of these junctions depend on the selection their metal and semiconductor con-

stituents.

Device architecture: TiO2 was chosen as a well known, earth-abundant and wide-

bandgap semiconducting material, widely used as a transparent (3.2 eV bandgap)

electron transport layer in photovoltaic and photocatalytic applications. Subwavelength

textured substrates made of TiO2 nanocrystals can be easily fabricated via a solution-

processed route, by –for example– spin casting a TiO2 paste of nanoparticles of a

given size. A corrugated metal layer, enabling light-plasmon coupling, can be then

obtained by simply evaporating a metal layer on top of these textured substrates. In

the Schottky configuration the metal serves a two-fold purpose: it provides with a

source of plasmonic hot-electrons and also acts as the anode for the extraction of

holes. The final device architecture is depicted in Figure 3.1. Light illuminates the

metal-semiconductor interface through a transparent conductive oxide (TCO) and a

TiO2 layer.

Photocurrent generation: Electron-hole pairs are generated in the textured elec-

trode, a fraction of which will separate once energetic electrons are injected into the

TiO2 to recirculate until they reach the TCO to close the circuit recombining with

an available hole. The texturing of the interface was characterized with atomic-force

microscopy (AFM) measurements (Fig 3.1b), and shows features up to 90 nm in height.

This serves as an efficient platform for plasmon excitation with an resonant absorption

up to 70% at 450 nm (Figure 3.1c) that yields a hot-electron photocurrent, with a
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maximum EQE of 4% at resonance. The shape of the spectral profile is in agreement

with the plasmonic absorption of the textured electrode. Flat control references on the

other hand do not exhibit plasmon excitation or photoresponse below the bandgap of

the semiconductor(Figure 3.1d-f). This showcases the feasibility of our structure for

active plasmonic sensing, yet it still does not allow for energy conversion.

Figure 3.1: Photoelectric conversion in active plasmonic devices. (a) The
proposed architecture consists of a TiO2 layer deposited on top a transparent conductive
oxide. (b) The roughness of the TiO2, was characterized with AFM measurements,
with a height in the range between 10 and 100 nm. (c) The top-deposited Ag electrode
follows TiO2 corrugation thus enabling plasmon excitation. This is confirmed both
by visual inspection (inset, different color metal films) and absorption measurements.
The obtained EQE correlates well with the plasmonic absorption and reaches up to
4% at resonance. (d-e) Flat reference devices show on the other hand no appreciable
photoelectric transduction in the visible due to the lack of plasmonic excitation.

In this section we have demonstrated that TiO2-Ag Schottky junctions can be used

for active plasmonic sensors. However, photoelectric energy conversion requires the

simultaneous supply of current and voltage. In the next section we identify metal-

semiconductor interface states as the origin of Voc suppression, and introduce mecha-

nisms to passivate these defects that enable plasmonically active Schottky junctions

to operate as photovoltaic devices.
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3.2 Interfaces and photovoltaic effect

Metal-semiconductor junctions are perhaps one of the most studied systems in solid

state electronics. Because of their apparent simplicity, simple models were elaborated

in the early 1900 that rely on the characteristics of the bulk metal and semiconductor.

A metal can be electronically described by its workfunction (qφm), and a bulk semi-

conductor by its bandgap Eg, electron affinity qχsc and doping nature qφn. Once in

intimate contact, charge will redistribute until thermal equilibrium is achieved equal-

izing the Fermi level across the junction. The final barrier height for an ideal system

would be given by,

qφb = q(φm − χsc) (3.1)
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Figure 3.2: Schottky junctions and Fermi level pinning. (a-b) Ideal case of a
Schottky diode formation. A semiconductor layer is characterized by its bandgap Eg,
electron affinity qχsc and doping character qφn. The metal electrode by its workfunction
qφm. (b) Upon intimate contact and thermal equilibration a barrier qφb = q(φm − χsc
will appear. (c-d) The presence of surface states in the semiconductor will result in the
creation of a space charge region in the semiconductor and a corresponding pinning of
the Fermi level. As a consequence of this the Schottky barrier after contact qφ′b might
be reduced or eventually canceled.

This would yield, in an ideal case, an approximate qφb = qφAg − χTiO2 ≈ 0.6eV if

applied to a TiO2-Ag junction. This value is in reality lowered both by image force
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screening effects and by the presence of interfacial states. Considering therefore, the

TiO2 and Ag bulk properties alone, do not suffice to precisely describe the system.

Instead, the electrical properties of Schottky-junctions are often governed by the metal-

semiconductor interface, where the periodic character of crystals is interrupted resulting

in the presence of dangling bonds, different exposed facets, off-stoichiometry products

and unknown surface adsorbates. These defects introduce a set of trap-states across the

bandgap of the semiconductor, and will result in the modification of the electrostatic

properties at the interface. In a picture where traps are acceptor states (typical for an

n-type material such as TiO2), this will result in the donation of electrons from the

crystal lattice to these sites and in the subsequent formation of a positively charged

region, that pins the Fermi level at the surface of the material (see Figure 3.2). The

presence of surface states can therefore substantially lower the a priori expected barrier

height, or even result in its eventual cancellation.

We took the view that the expected open-circuit value in our TiO2-Ag architecture

was hindered by the presence of interfacial states leading to Fermi level pinning. As

the ideal barrier height in this configuration should be approximately 0.5 eV, we were

encouraged that a proper passivation would enable for active, hot-electron, plasmonic

photovoltaic devices.

Passivation of the interface: one approach to passivate interface states is to in-

troduce thin barriers capable of repairing dangling bonds and providing excess carriers

which fill trap states. Alumina (Al2O3) barriers have been widely used to reduce recom-

bination in dye sensitized and silicon solar cells [112–115]. The deposition of alumina

over these materials can significantly lower the density of interface acceptor states due

to the termination of dangling bonds and the high density of negative charges inherent

to this material [115]. We thus turned our attention to a metal-insulator-semiconductor

(MIS) structure, where we deposited an ultrathin layer, 1 nm thick, of Al2O3 on top of

TiO2, with a view to reduce the density of surface states and form a junction that can

support open-circuit voltage. To do this, we relied on the use of thermal atomic layer

deposition (ALD), because of its ability to produce continuous conformal films with

controllable thicknesses at the atomic scale at low processing temperatures (80 ◦C) [116].

In the absence of the Al2O3 layer, current-voltage characteristics under simulated solar

illumination (AM 1.5G), show very high photocurrent yet no photovoltaic effect (Fig-

ure 3.3a,c). Without a protective barrier, the Ag-TiO2 interface states result in Fermi

level pinning and a dramatically reduced built-in potential (Figure 3.3, panel e). The

presence of the Al2O3 layer caters for surface passivation thus allowing the presence

of an open-circuit voltage (Figure 3.3b,d). To further corroborate the origin of open-
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Figure 3.3: Interface passivation and hot-electron photovoltaics. Plasmons
excited by an incoming photon drive the creation of an electron-hole pair, which can be
split by the built-in field at the interface. Non-passivated interfaces (a) contain traps
that can result in Fermi level pinning deteriorating the junction from the ideal case
(solid versus dashed lines respectively). This results in a suppression of open-circuit
voltage (Voc) and no power conversion efficiency (PCE) (c). Passivation of the interface
states prevents pinning (b). Depending on the energy of the excited electrons they
can tunnel to the TiO2 or undergo Schottky emission over the barrier. The height of
the barrier is determined by the difference of the metal work-function (Wf = qφm)
and the insulator electron affinity (χins) (d) current-voltage characteristic in dark and
under simulated AM1.5G solar illumination of a typical passivated device with 1 nm of
alumina. Capacitance-voltage spectroscopy of not passivated devices (e) and passivated
devices (f) revealing the appearance of a built-in potential (Mott-Schottky analysis
shown in the inset).

circuit-voltage and the effect of Al2O3 passivation, we performed capacitance-voltage

spectroscopy of these devices (panels e-f). Without the insulating layer, the built-in

field vanishes resulting in open-circuit voltage cancellation. The inclusion of the Al2O3

layer (Figure 3.3f) leads however to built-in potentials that are on the order of 600 mV

(see Mott-Schottky plot in the inset). Note that this value can be higher than the ideal

value as it comprises both the Schottky barrier (φb) and the dipole shift induced by the

insulator. In the current structure, electron-hole pairs derived from plasmon damping

are split when, depending on their energy, electrons tunnel through or are emitted over

the insulating barrier. Hot-carriers generated in the metal that are transferred to the

titania rapidly thermalize to the conduction band. Current-voltage characteristics of a

typical device with 1 nm of Al2O3 barrier are shown in Figure 3.3d, in dark and under

AM1.5G simulated illumination, demonstrating the ability of plasmonic MIS devices to

harvest solar energy and convert it to electricity. To experimentally assess the contri-
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bution of plasmonic hot-electrons in the total PCE, we also performed measurements

under various filtering conditions to reduce photon absorption from the TiO2 phase in

the devices. In doing so we found that the contribution from the visible region (below

TiO2 bandgap) is in the range of 80% of Jsc (Figure 3.4). This is in agreement with

the expected contribution to the total Jsc estimated contribution from the EQE region

above 380 nm (Figure 3.5).
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Figure 3.4: Isolating TiO2 contribution from solar cell performance.
(a) Current-voltage characteristics under simulated solar irradiance AM1.5G of a
TiO2/Al2O3(1 nm)/Ag sample without filtering, and removing different parts of the
UV spectrum. (b) Transmission spectra of the different filters used to remove TiO2
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Figure 3.5: Effect of Al2O3 passivation on quantum efficiency. The passivation
of interface states hindering the photovoltaic performance of hot-electron devices results
in a substantial reduction of the injection efficiency from the metal electrode as a
consequence of the alumina barrier.

Impact on the injection yield: the achievement of Voc is followed by a reduction

in Jsc, that drops from around 400µAcm−2 to 40µAcm−2. It is evident then that

the alumina layer, responsible for surface passivation, is also modifying hot-electron

injection from the metal electrode. We verified the reduced EQE of these devices

compared with the one obtained in the absence of Al2O3 (Figure 3.5). The injection
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efficiency drops from a 4% peak value to 0.2%. This confirms that the insulator layer is

dramatically reducing the emission and tunnelling probability, and necessitates further

optimization to alleviate this current drop while sustaining reasonable values of Voc. We

then sought to optimize our device structure by taking advantage of the atomic layer

resolution of the ALD technique to build Al2O3 layers of different thicknesses with a

view to minimizing the length of the barrier yet preserving its beneficial passivation

features. This is presented in the section that follows.

3.2.1 MIS optimization
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Figure 3.6: Interface optimization statistics. (a) Short-circuit current (Jsc), (b)
Fill-Factor (FF), (c) open-circuit voltage (Voc) and (d) power conversion efficiency
(PCE) for different Al2O3 thicknesses (d). Error bars correspond to the standard
deviation. Statistics calculated for at least 5 similar devices. Champion values for each
parameter are also shown (triangle marker). A maximum PCE of 0.029% is found for
d=0.5 nm.

The influence of the insulator layer thickness d on the photovoltaic figures of merit

of our devices is shown in Figure 3.6. As expected, the short circuit current density

(Figure 3.6a) increases with decreasing d, indicative of a more efficient transfer of the

excited hot electrons to the semiconductor. It reaches a maximum in the absence

of the Al2O3 barrier, but as previously discussed, at this point Fermi-level pinning

results in tiny or null Voc and no net PCE. The fill-factor is maximum at d = 1 nm.

Thicker alumina films yield higher series resistance and marginal decrease in FF [117].

Thinner barriers are more prone to back-recombination of the injected carriers which

also partially decrease FF. The open-circuit voltage does not significantly change with
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Figure 3.7: Quantum efficiency as a function of d. As the alumina thickness d
increases, the photocurrent contribution from the plasmon resonance of the Ag electrode
is drastically reduced. For thicknesses below 2 nm the amount of hot-electrons than
can tunnel to TiO2 increase exponentially yielding a maximum EQE of 0.4% at the
plasmon resonance for d = 0.5 nm.

thickness variation. As a consequence, the dependence of PCE with thickness is mainly

correlated with Jsc, provided there is no Fermi-level pinning. A maximum value of

PCE = 0.029% is obtained for d = 0.5 nm devices, with Jsc of 0.14 mAcm−2, Voc of

0.48 V and fill-factor of 0.46.

The EQE of MIS devices for different alumina thicknesses is shown in Figure 3.7. As the

alumina thickness decreases the contribution from the Ag plasmon resonance becomes

more prominent and reaches its maximum, of around 0.45%, for d = 0.5 nm. Increasing

values of d result however in a drastic reduction of EQE and a vanishing plasmon

contribution due to the exponential decrease of the tunnelling probability with barrier

thickness.

3.2.2 Influence of the metal: Au-based MIS devices

The spectral harnessing potential of the plasmonic MIS structures can be exploited by

the choice of the metal and/or geometry. Changing the metal electrode will both modify

the electrical and optical properties of the devices: different metal workfunctions will

result in different band alignments; the shifted plasmon resonance, arising from the

different metal properties, will also yield to a different hot-electron distribution and

dynamics. This has immediate implications from a physics and device-design point of

view. We sought to experimentally assess these differences by studying Au-based MIS

devices. Similar to the case of Ag-based devices, in the absence of Al2O3 Fermi level

pinning limits the photovoltaic performance due to the lack of an open-circuit voltage.

The introduction of Al2O3 allows for the recovery of a built-in potential (Figure 3.8)

in the range of 200-300 mV.
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Figure 3.9: Interface optimization statistics for Au devices. (a) Short-
circuit current (Jsc) and (b) open-circuit voltage (Voc). Also plotted (dashed line)
ln (Jsc/Jd + 1), showcasing the origin of the varying Voc dependence with d. (c) Fill-
Factor (FF) and (d) power conversion efficiency (PCE) for different Al2O3 thicknesses
(d). Error bars correspond to the standard deviation. Statistics calculated for at least 5
similar devices. Champion values for each parameter are also shown (diamond marker).
For d = 4 nm the tunnelling current is negligible and the subsequent parameters
omitted in the plots.
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Interface optimization: we proceeded then to study the effect the thickness of the

alumina layer has in the photovoltaic performance of Au-MIS devices (Figure 3.9).

Short-circuit currents (Figure 3.9a) are lower than for Ag electrodes (around one order

of magnitude) but follow a similar trend with Al2O3 thickness. Interestingly, open-

circuit voltages vary between 0.1V and 0.4V, while being in general lower than the

ones obtained for silver. This is attributed to the lower built-in potentials (Figure 3.9b)

for gold samples. The Voc − d trend is ascribed to a different functional dependence

of Jd (dark saturation current) and Jsc with d, as the Voc scales with ln (Jsc/Jd + 1).

This is indeed, as illustrated in the inset, the case for Au samples, pointing towards

different transport mechanisms for thermally excited (dark current) and photogenerated

carriers. The fill-factor is not varying significantly with d. The overall trend of efficiency

with thickness is similar to that of Ag devices, although it is evident that both the

electronic properties and the plasmo-electric conversion performance of devices with

gold electrodes are different. In the next section we will further analyze these differences

and elucidate the underlying responsible mechanisms.

3.2.3 MIS photodiodes

Besides the photovoltaic regime, Schottky photodiodes can also be operated under

reverse bias conditions for sensing applications. The application of a voltage would

results in a band alignment modification across the device (see for example Figure 3.10),

making a useful tool in understanding the underlying physics of the plasmo-electric

conversion process. Having this in mind we sought to investigate the difference of Ag

and Au MIS devices at different bias conditions. The EQE of the devices at short-circuit,

with -0.5V and -1V biases is shown in Figure 3.10b-c. To preclude possible midgap

states in the titania as a source of visible photosensitization in these devices, we also

fabricated devices in which the metal has been replaced by a transparent conductive

oxide of ITO.

Reverse bias operation: the application of increasing reverse voltages in Ag devices

results in a subtle increase of efficiency that tends to saturate for -1V. This suggest that

in this configuration, the modification of the potential distribution across the device

has little effect on the injection of hot-carriers from the metal electrode. The tiny

variation at 400 nm also points towards an almost fully depleted TiO2 layer that does

not benefit from any further band-bending. A maximum EQE of 0.64% is obtained at

the plasmon resonance under 1V reverse bias. Au MIS devices, on the other hand, show

a remarkably different behavior (Fig 3.10c). The EQE under short-circuit conditions is

much lower than that for silver devices (0.025% versus 0.42% at resonance), yet with
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Figure 3.10: Photodiode performance of hot-electron MIS devices. (a) Ag
devices show a weak reverse bias dependence. A maximum EQE of 0.64% is obtained
at the plasmon resonance under 1V revers bias (b) Au devices, on the other hand, are
highly sensitive to the application of reverse biases as the EQE increases from 0.025%
at short-circuit condition to 1.15% under the presence of -1V. The EQE of devices
where the top metal electrode has been replaced by an ITO transparent conductive
oxide is shown to eliminate possible midgap states in the titania as the source of visible
photosensitization.

increasing reverse bias the EQE drastically increases to 0.61% and 1.15% for -0.5V and

-1V. This clearly supports the idea that the hot-electron injection process is affected

in this case by the modification of the electrostatic potential, in stark contrast to the

case of Ag MIS devices. From a device point of view these findings suggest that Au

MIS devices are better candidates for sensing (as quantum efficiency and responsivity

increase with reverse bias), whereas Ag MIS devices are more suited to photovoltaic

applications.

Once further evidence of the differences in the plasmo-electric conversion process of

Au and Ag devices were found, we intended to obtain deeper understanding on the

underlying mechanisms that are responsible for that. In the next section we describe the

hot-electron injection and transport mechanisms in both configurations and propose a

framework to account for the aforementioned differences.

3.3 Electronic transport in Ag/Au MIS devices

Herein we investigate the possible transport mechanisms that could account for the

observed disparity in Ag and Au EQEs and their dependence with bias. The main

relevant injection processes in MIS systems will be first introduced. On the basis of

the experimental evidence we will finally postulate by elimination the most plausible

transport channels for the hot-electron population into the semiconductor.
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3.3.1 Transport mechanisms in MIS junctions

Depending on the nature of electron transport within a material, different current-

voltage characteristics, temperature dependence or influence of the insulator in MIS

devices can be observed (see Figure 3.11 and appendix B).

Metal

Semiconductor

FN tunneling

direct tunneling
TAT (elastic)
TAT (inelastic)
Poole-Frenkel

Schottky emission

band-to-band

EF

ϕMI

d

Va

T

Figure 3.11: Tunnelling processes in MIS junctions. The different tunnelling
processes in MIS junctions give rise to different electron transport characteristics, that
can be inspected via current-voltage and or temperature spectroscopy, and with the
influence of structural parameters such as barrier width (d).

Electron injection

Electron injection through a potential barrier occurs for energetic electrons that strike

the interface with enough momentum to overcome the energy barrier. An accurate

description will depend on the quantum tunnelling probability for each state, and on

the population distribution and kinetics. In a general case it is given by,

Jinj =

∫ ∞
0

qv⊥(E)N(E)f(E)T (E)dE (3.2)

where v⊥ is the carrier velocity transversal to the interface,N(E) is the density of states,
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f(E) the energetic distribution and T (E) the transmission coefficient. The transmission

probability is calculated by solving the Schrödinger equation for a given barrier profile

and typically applying the Wentzel-Kramers-Brillouin (WKB) approximation. Different

types of tunnelling mechanisms will exist depending on the barrier profile and carrier

density of states.

Tunnelling currents

To assess the possible transport mechanisms that determine the observed different

hot-electron plasmoelectric effects (see Figure 3.11) we summarize in table 3.1 the

dependence of J on T , V and barrier thickness d for different processes (for a more

detailed description please see appendix B).

Table 3.1: Transport mechanisms in MIS junctions.

Temperature (T ) Bias (V ) Thickness (d)

Fowler-Nordheim none V 2 exp(−b/V ) exp(−cd)
Direct tunnelling - - exp(−cd)
Poole-Frankel exp(−a/T ) exp(bV 1/2) exp(−cd1/2)
trap-assisted (TAT)
Schottky emission T−2exp(−a/T ) exp(bV 1/2) exp(−cd1/2)

3.3.2 Proposed transport mechanisms

Some considerations need to be taken into account before applying the aforepresented

models. From a material’s perspective, defects in the insulating layer, such as pinholes,

would result in deviations in the observed currents and a different effective barrier

height. Although for the thicknesses studied here the alumina films are expected to

be continuous [116], imperfections for the thinnest barriers (0.5 nm) could introduce

deviations. To account for that we measure several devices to allow for statistical

analysis. From a fundamental point of view, the plasmonically generated hot-electron

population will span along EF and EF + ~ωp, with a distribution that changes over

time until all excited pairs relax by e−e or e−ph scattering. Since both the energy profile

and the temporal evolution of this population are still subjects of intense debate in the

community, full quantitative descriptions of hot-electron injection are still not within

reach. In order to simplify, we assume in our case the broadly accepted picture an

uniform distribution within [EF , EF +~ωp] (refs. [101,107,118,119]). Excited electrons

in this interval with an energy excess of ∆Eγ over the Fermi level, must overcome an
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effective barrier height of φγ = φMI −∆Eγ . Given this complexity, herein we aim at

discovering the most relevant injection mechanisms for each MIS configuration.
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Figure 3.12: Study of transport in Ag MIS devices as a function of d. (a)
ln J vs. d plot. The best linear fit yields a goodness of fit value of χgf = 0.90 (b) In the
case of ln J vs. d1/2 the fit is considerably improved yielding χgf = 0.99. This points
towards the exclusion of Fowler-Nordheim tunnelling as the main injection mechanism.

Ag-based MIS diodes: Figure 3.12 illustrates the dependence of the photogener-

ated current as a function of the insulator thickness d. By inspecting the behavior of

J with d we can differentiate between Fowler-Nordheim tunnelling and other types

of transport. To do so we plot ln J vs d (panel a) and d1/2 (panel b). Based on the

obtained linear fits (χgf = 0.99 vs. χgf = 0.90 goodness of fit), we infer that FN is not

the main tunnelling mechanism contributing to the photoelectric conversion process. In-

stead, either Schottky emission or trap-assisted-tunnelling (TAT) will be the dominant

processes. In order to discern between them, temperature spectroscopy studies would

be required (see table 3.1). The intrinsic temperature-dependence of the electronic

transport through TiO2 difficults however to differentiate these processes with this

technique [120,121]. We thus conclude that the injection of the plasmonic hot-electron

population takes place via a combination of Schottky emission and TAT.

Au-based MIS diodes: the identification of the main hot-electron tunnelling mech-

anism in Au MIS devices is more evident. The photocurrent dependence with barrier

thickness can be fitted by a Fowler-Nordheim process (see Figure 3.13), whereas the

application of alternative models do not fit accurately follow the experimental data.

A Fowler-Nordheim plot (Figure 3.13b) also show the expected ln(J) vs. 1/V linear

behaviour. We can therefore conclude that the dominant transport mechanism under-

lying hot-electron injection in Au-based MIS devices is FN tunnelling. This is also

in agreement with the observed strong bias dependence (Figure 3.10) as opposed to

Ag-based MIS devices.
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Figure 3.13: Study of transport in Au MIS devices as a function of d and
applied bias for d = 0.5 nm. (a) ln J vs. d plot. The best linear fit yields a goodness
of fit of χgf = 0.99. In the case of ln J vs. d1/2 the fidelity of the fit is considerably
reduced to χgf = 0.84. This suggest that Fowler-Nordheim assisted tunnelling is the
main injection mechanism for Au MIS devices. (b) A Fowler-Nordheim plot reveals
field-emission as the dominant tunnelling mechanism (linear region).

3.4 Conclusions

In this chapter we have introduced the use of a Schottky architecture to harvest

plasmonic hot electrons. Quantum efficiencies of 4% could be achieved at resonance, but

in the absence of a photovoltaic response. The crucial role of the metal-semiconductor

interface for light energy harvesting applications was identified; a passivation scheme

based on the atomically controlled deposition of alumina layers, resulting in a MIS

structure, was demonstrated. This allows for the simultaneous achievement of Jsc and

Voc, enabling for the first time the conversion of solar energy to electricity in this

architecture. The presence of the alumina layer was shown to modify hot-electron

injection. By optimizing the thickness of the insulator layer a modest, yet proof-of-

concept maximum PCE of 0.03% was demonstrated. The spectral tunability potential

of plasmonic hot-electron devices was assessed by the use of different metals (Ag and

Au), that display different plasmon resonances. The choice of metal has been shown to

affect not only the optical properties of the structures but also the electrical. Different

hot-electron injection mechanisms through the alumina layer were identified in the

cases of Au and Ag. We found evidence supporting that tunnelling of hot-electrons

in Ag-based MIS devices is mainly assisted by Schottky emission and trap-assisted-

tunnelling. In Au-based devices, the primary transport mechanism is attributed to

Fowler-Nordheim tunnelling.



4
Molecular Interfaces for Plasmonic

Hot-Electron Photovoltaics

In the previous chapter we showcased the critical role of the metal-semiconductor inter-

face for the photovoltaic performance of plasmonic hot electron devices. The inclusion

of an ultrathin Al2O3 insulator layer allowed for the achievement of high Voc and FF,

prerequisites for energy harvesting, yielding to the demonstration of active plasmonic

solar cells. This came however, with a reduction in Jsc, and an overall mediocre PCE.

Moreover, this inorganic based approach limits the roadmap of plasmonic hot-electron

solar cells for it does not allow the simultaneous control over Voc and Jsc, an impor-

tant step required in exploiting the exotic physics of these devices towards reaching

higher performance. Instead, a more versatile approach can be envisaged through the

exploitation of molecular species in self assembled monolayers [122]. Molecules, unlike

inorganic high bandgap semiconductors, possess a plurality of structural parameters

that can be tuned in these systems: the length of the molecule, the conjugated or

aliphatic character and the end-functional groups that serve to strongly bind on a

given surface and passivate electronic defect states [86,122–129]. Not to exclude also

their solution processability which is a significantly lower cost manufacturing process

37
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compared to atomic layer deposition. In this chapter we exploit the unique properties

of self-assembled monolayers (SAMs) of molecular species in order to tune the elec-

tronic properties of the molecular interface in a plasmonic hot-electron photovoltaic

device. This may lead to a drastic improvement in hot-carrier injection and the simul-

taneously control of Jsc and Voc. We demonstrate that the photovoltaic performance

of hot-electron devices can be modified in a twofold manner, by either adjusting the

molecular length or their head-functionalization to control Jsc. In addition, the ma-

nipulation of the dipole of the molecules that constitute the SAM act to leverage Voc

. A maximum PCE of 0.11%, over a three-fold improvement compared to Al2O3, is

reported, with high open-circuit voltages and EQEs in excess of 5% at the plasmon

resonance peak.

4.1 Device structure

The solar cell structure is shown in Figure 4.1a. Briefly, a titanium dioxide nano-

crystalline film electron transport layer is deposited on top of a transparent conductive

oxide. The cross sectional scanning electron micrograph (SEM) reveals that the Ag

follows TiO2 corrugations, of the order of 10-80 nm, and enables the coupling of incident

light to Ag plasmonic resonances. As shown in the previous chapter, for untreated,

bare TiO2 films, the presence of surface states due to the existence of dangling bonds

and off-stoichiometry defects results in a charge localization and a modification of the

surface potential that prevents the formation of a built-in potential in the eventual

contact with the metal electrode (Figure 4.1b) [130]. In this section we present the

use of SAM as a mean to passivate the TiO2 surface. For that purpose we select

a set of molecules with compatible functional groups to build-up a SAM over its

surface (Figure 4.1c) [125,131,132]. We chose carboxylic acid (R-COOH) functionalized

molecules, a commonly used binding group to TiO2 [133–135].

SAM adsorption: the adsorption of an oleic acid (OA) (C18H36O2) SAM to the

TiO2 has been monitored with Fourier Transform Infrared spectroscopy (FTIR) by

looking at the different vibrational characteristic of the molecules (see Figure 4.2). The

difference in the symmetric and asymmetric stretching frequencies of the deprotonated

carboxyl group has been reported to depend on the -COOH binding mode [133]. In our

case this difference, on the order of 100 cm–1, suggests a bidendate chelating binding

mode of COOH to TiO2. In this way the majority of C18H36O2 molecules will bind

to a Ti atom in the TiO2 slab. After substrate functionalization the most critical

step in the fabrication of SAMs junctions is the deposition of the top electrode, as
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Figure 4.1: Molecular interfaces for plasmonic hot electron photovoltaics. (a)
Cross-sectional SEM of a plasmonic hot-electron solar cell, comprising a transparent
conductive bottom electrode, a high bandgap semiconductor layer (TiO2) which is
covered by a molecular self-assembled monolayer (SAM). An Ag electrode is used to
harvest the hot-electrons generated by plasmonic damping. Without the presence of
the SAM (b) TiO2 defect states create a space charge region which would result in
Fermi level pinning and no photovoltaic effect would result upon contact. The SAM
caters for the passivation of these detrimental states and the simultaneous control over
the interface conformation and charge distribution. (d) This ultimately allows for the
control over the photovoltaic figures of merit of the plasmonic hot-electron devices.

it can compromise the integrity of the underlying molecular layer. The influence of

the deposition conditions has been widely studied in other systems [123, 136–139],

reporting soft electrode transfer or indirect evaporation as the less harming methods

of metal deposition onto the SAM. In our case, we have found that direct metal

evaporation is capable of maintaining the quality SAMs for low enough deposition rates

and temperatures (see appendix A for more details). In order to assess the integrity of

the OA-metal buried interface we first cross-compared the molecule vibrational modes

of a TiO2-SAM before and after the deposition of 3 nm of Ag measured by FTIR in an

attenuated total refelection configuration [137]. The coincidence of the characteristic

stretching frequencies for COO-, CH2 and CH3 suggest that the SAM has not been

substantially modified after electrode deposition. The bridging mode of the SAM

constituent molecules remains bidendate chelating (Figure 4.2). This point was further

confirmed for the final device structure by comparing the FTIR spectra of a bare TiO2-

OA device with the signatures obtained by plasmon-enhanced Raman spectroscopy

measurements once the final electrode thickness had been deposited (Figure 4.3a). The

coincidence of the (CH3) and (CH2) stretching frequencies in both cases indicates that

the molecular backbone and exposed end has not been altered. The potential presence

pinholes within the SAM could not be quantified due to the intrinsic roughness and

grain size of the TiO2 substrates employed for our solar cells, which are on the order of
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Figure 4.2: Bridging mode and integrity of SAM after metal deposition. (a)
FTIR reflectance spectra of a TiO2/SAM sample before (solid line) and after (circle
marked dots) the deposition of an ultrathin Ag layer (3 nm). (b) Possible molecule
binding modes. The difference in the symmetric and asymmetric stretching frequencies
of the deprotonated carboxyl group (of the order of 100 cm–1) suggest a bidendate
chelating binding mode of COOH to TiO2 [133]. In this way each C18H36O2 molecule
will bind to a Ti atom in the TiO2.
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80 nm. Even in the presence of SAM defects, the electronic properties of the interface

can be dominated by the properties of the SAM provided those defects are scarce and

small enough [?]. The systematic correlation observed between SAM properties such

as length and dipole with the figures of merit of our solar cells reported along the

subsequent sections suggests that the presence of pinholes do not dominate or limit

the performance.

2800 2900 3000

Ab
so

rb
an

ce
 (a

u)

Wavenumber (cm-1)

Ram
an signal (au)

TiO2

FTIR
TiO2

SERS

Ag

a
Cu

rr
en

t d
en

si
ty

 (m
A 

cm
-2
)

0.0

0.1

0.2

0.3

0.0 0.1 0.2 0.3 0.4

Applied bias (V)

TiO2

Vbi

SAM
Ag

400 500 600 700

0.5

1.0

1.5

2.0

2.5

Wavelength (nm)

EQ
E 

(%
) plasmonic

flat x10

b c

Figure 4.3: Molecular interfaces to passivate interfacial states. (a) Vibrational
signatures of the grafted oleic acid (C18H36O22) self-assembled monolayer (SAM) before
and after the final metal electrode deposition. (b) Current-voltage characteristics under
simulated solar illumination AM 1.5G showcasing the photovoltaic performance of these
devices due to midgap states passivation. (c) The EQE of these devices illustrates that
the dominant photocurrent generation mechanism is the injection of plasmonic hot
electrons from the Ag metal electrode.

Photovoltaic response: the photovoltaic performance of a representative OA device

is shown in Figure 4.3b, yielding a Voc of 0.36V. The average power conversion efficiency

of these devices is 0.05%, whereas alumina devices show an average PCE of 0.02% for

the optimized configuration. The superior performance of this approach stems from

the higher Jsc (0.264±0.03 versus 0.14 mAcm–2) of these devices and points towards

a more efficient hot-electron injection from the plasmonic electrode. The EQE for an

OA representative device is shown in Figure 4.3c. The spectral response is dominated

by the plasmonic character of the textured electrode with a maximum value of 2.1% at

resonance. The flat unpatterned control reference shows on the other hand no significant

contribution in the visible region of the spectrum.

4.2 Molecular length to control hot-electron injection

Once the ability of the SAMs to passivate detrimental interfacial states, which lead to

photovoltaic response in TiO2-metal plasmonic structures, has been demonstrated, we
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proceed to study the effects of the SAM on the electronic properties and hot-electron

injection mechanisms. For this purpose we chose a set of carboxyl aliphatic chains of

different lengths with the form of R-COOH, in such a way that the number of carbons

and saturation of the R chain is modified. The COOH functional group binds to the

TiO2 surface as illustrated for the OA case, exposing the unfunctionalized methyl

end to the Ag metal electrode. The adhesion of the different SAMs to the TiO2 was

verified by FTIR for all molecules (see Figure 4.4). The thickness of the resulting SAM

modifies charge transport and injection across the nanoscopic junctions, thus offering

the possibility to modulate hot-electron injection efficiency (ieff ) (Figure 4.5b). The

EQE for the different molecules is shown in Figure 4.5c, demonstrating the correlation

of the injection efficiency with the length of the molecules. The longest molecules (such

as stearic acid, with 18 carbons and an approximate length of 22Å) yield the lowest

EQEs, around 2%, whilst the maximum EQE (in excess of 5%) is reached with the

shortest length molecule (valeric acid (VA), 5 carbons and approximately 6Å). The

same trend is observed for the short-circuit current (Figure 4.5d), which increases from

0.26 mAcm–2 to 0.44 mAcm–2 (average values). A maximum PCE of 0.10% and Jsc =

0.50 mAcm–2 are obtained for VA. The relevant figures of merit of this set of devices

are shown in table 4.1. The EQE for an Au electrode with the same SAM is also

shown in Figure 4.6, showcasing the different contribution in the spectrum from the

Au plasmonic resonance and over an order of magnitude improvement compared to

the best inorganic interfaces [130].

Table 4.1: Average photovoltaic figures of merit for aliphatic carboxylic
acids. Errors represent standard deviations. The maximum PCE is 0.10% for valeric
acid.

Stearic acid Oleic acid Caprylic acid Valeric acid

Jsc (mAcm–2) 0.257± 0.01 0.264± 0.03 0.391± 0.04 0.440± 0.03
Voc (V) 0.28± 0.02 0.34± 0.02 0.33± 0.03 0.41± 0.03
FF 0.53± 0.02 0.54± 0.04 0.44± 0.01 0.47± 0.02
PCE (%) 0.042± 0.004 0.050± 0.006 0.056± 0.005 0.083± 0.005

Based on table 4.1, there is a correlation between the molecular length and the Voc. The

observed trend would be a priori unexpected as the dipole moment of the molecules,

dominated by the COOH functionality, is very similar in all cases (around 2.9D). This

trend could be accounted for by a different packing, orientation and/or density of the

molecules within the SAM as a consequence of differences in steric hindrance. The

complexity of the nanostructured interface does not allow for facile characterization

of those effects, and further characterization would be required to fully elucidate the
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Figure 4.5: Molecular length to control hot-electron injection efficiency. (a)
The length of the SAM constituent molecules will determine its thickness, and can
therefore be controlled by selecting a proper set of molecules. As a consequence, the
hot-electron injection efficiency (b) is expected to change as the Ag-TiO2 distance
diminishes. The EQE increases as the length of the SAM decreases, from 18C (stearic
acid) to 5C (valeric acid) yielding a maximum value beyond 5%. (c). This is correlated
with the increase in short-circuit current (d), from 0.25 up to 0.475 mAcm–2.
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EQE for silver and gold devices over a valeric acid SAM-TiO2 substrate. The EQE of
gold has been rescaled for clarity.

observed phenomena. In order to simplify these considerations, we move to SAMs

composed of structurally similar conjugated molecules.

4.3 Molecular dipoles to control open-circuit voltage

To get further insights into the ability of the SAM to modify the open-circuit voltage

in hot-electron solar cells, we chose to study a set of molecules with fixed structural

parameters but different chemical functionalities (HOOC-C6H4-X), such that their

dipole moment can be tuned independent of their length, by the selection of different

functional species at both molecular ends. The electrostatic potential induced by the

molecule’s dipole results in a local modification of the charges across the interfaces

and the vacuum level, thus enabling for the nanoscale control over the band alignment

and electrostatic fields along the interface (see Figure 4.7a). In this way we can expect

the barrier and the injection to be dominated by the dipole moment as described in

equation 4.1,

qVoc = WAg − (ξsc + qVn − qφSAM ) (4.1)

Where WAg is the metal workfunction, ξsc is the semiconductor electron affinity, qVn

is the energy difference from the Fermi to the semiconductor conduction band and

qφSAM is the contribution from the SAM. The latter can be further written as,
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qφSAM =
Nµ cos(θ)

ε0εr
(4.2)

and depends on the surface density of dipoles (N), their magnitude (µ) and orientation

angle (θ). Therefore, the open-circuit voltage can be increased by selecting a set of

molecules such that, once attached to the TiO2, may lower the local vacuum level

in the other end (i.e. a negative dipole moment), resulting in an increase of the net

barrier after contact [140, 141]. The results are shown in Figure 4.7b. Conjugated

molecules with lower dipole moments (benzoic acid and 4-mercaptobenzoic acid) yield

consistently lower open-circuit voltages (0.26V and 0.32V respectively). Molecules with

higher dipole moments, such as 4-aminobenzoic (ABA) acid and 4-hydroxybenzoic

acid (HBA) yield on the other hand higher Voc . There is a linear dependence of the

obtained Voc with individual molecules dipole moment, suggesting that both the density

of dipoles and orientation angle is similar in these SAMs. The rate of change of Voc

with dipole moment, calculated from the best linear fit, yields a value of 104 mV/D. A

maximum PCE of 0.11% with a Voc of 0.56V is obtained for HBA. The relevant figures

of merit of this set of devices are summarized in table 4.2.

Table 4.2: Average photovoltaic figures of merit for conjugated carboxylic
acids: 4-mercaptobenzoic acid (MBA), 4-aminobenzoic acid (ABA), benzoic acid (BA),
and 4-hydroxybenzoic acid (HBA). Errors represent standard deviations. The maximum
PCE is 0.11% for HBA.

BA MBA ABA HBA

Jsc (mAcm–2) 0.268± 0.020 0.320± 0.020 0.440± 0.040 0.484± 0.035
Voc (V) 0.273± 0.040 0.249± 0.020 0.253± 0.020 0.357± 0.030
FF 0.46± 0.06 0.27± 0.03 0.42± 0.03 0.53± 0.03
PCE (%) 0.035± 0.008 0.023± 0.004 0.043± 0.008 0.091± 0.010

In addition to the control of the open-circuit voltage in these devices, through the

SAM interface modification an additional feature of simultaneous control over the hot

electron injection process and subsequently of Jsc has been identified. Figure 4.7c shows

the EQE peak (maximum EQE at resonance) dependence on the chemical species of the

molecules that face the metal electrode. Different moieties lead to an increase in EQE

from 2.6% (MBA) up to 4.5% (HBA), corresponding to 0.273±0.040 to 0.440±0.03

mAcm–2. This reveals a trend of increasing EQE with the binding energy of the

exposed chemisorbed functional groups to the Ag electrode [142]. We hypothesize that
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this can be attributed to a different SAM/Ag interface morphology due to the different

interaction of the exposed moieties with the evaporated metal atoms [143–146]. On the

other hand, a stronger interaction of the metal with the SAM, might result in a higher

density of tunneling states therefore promoting hot-electron injection [147]. Further

understanding of this functionality–provided for example by time-of-flight secondary ion

mass and x-ray photoelectron spectroscopies, in combination with quantum chemical

simulations–would open exciting possibilities in controlling hot-electron injection for

active plasmonic devices.
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Figure 4.8: Summary of Au devices performance. Statistics for the relevant
photovoltaic figures of merit of a set of molecules with Au electrodes. The trends
discussed in the main text (i.e. change of Jsc and Voc with molecule parameters) are
conserved in the case of gold, although the overall performance is lower due to the
lower Jsc associated with the molecule barrier [130].

We note that the aforementioned trends in solar cell performance are also maintained

for the case of gold electrodes (see Figure 4.8), thus enabling molecular interfacial

control as a promising generic tool for hot-electron plasmonic optoelectronics.

4.4 Conclusions

In summary, we have shown that SAMs make a versatile platform to tune the metal-

semiconductor interface in order to improve the photovoltaic response of plasmonic

hot-electron solar cells. Molecular linkers can serve to passivate localized midgap states
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that are detrimental to the photovoltaic performance of these devices also offer a

powerful set of extra functionalities to tune the optoelectronic properties that go

beyond the capabilities provided by inorganic layers. We have shown that the injection

efficiency can be tailored by morphological or electrochemical factors: either the length

or the chemical moiety of the SAM/metal interface can be used to modulate the EQE.

By doing so, we report the highest Jsc and EQE (over 5%) in solid state plasmonic

hot-electron solar cells. We have also shown that, on top of the ability to improve and

control electron injection, SAMs allow for the concurrent tuning and optimization of

the open-circuit voltage by selecting a set of molecules with a proper dipole moment

(at a rate of 100mV/D). This allows for the simultaneous achievement of high open-

circuit voltages (0.56V) and fill-factors (0.58) and record photovoltaic power-conversion

efficiencies of 0.11%. This approach, together with a wider spectral plasmonic response,

can lead to higher PCE in the future.

The use of molecular layers to modify interfacial properties also opens up exciting av-

enues for hot-electron photodetection, where the height of the Schottky barrier, which

is the ultimate limiting factor determining up to what extent IR light could be har-

vested [108,148], can now be tailored to specific values. Further functionalities could

be envisioned by studying the interaction of the metal hot electron population with

particular molecular linkers to exploit coherent and/or even resonant resonant trans-

port [118,149–151], which might find application in molecular electronics [152].



5
Hot-Carrier Plasmonic Crystal

Photodetectors

The possibility to fabricate hot carrier based devices with tailored spectral response,

is exciting for solar energy harvesting [85,87,106,130,153], and for visible or infrared

detection [85, 94, 99, 107, 108, 130, 154]. However, the fabrication of these devices has

so far relied on nanoparticles [154], nanoantennas [101,107] or gratings [108] to excite

either localized or surface plasmons. Such metallic nanostructures are fabricated with

costly and time-consuming lithographic processes, which greatly limit their potential

for large-area, high-throughput manufacturing, required for realistic applications. In

order to fully exploit hot electron based optoelectronics, a platform capable of com-

bining the exotic spectral capabilities provided by plasmonic systems with large scale

manufacturing and high performance has yet to be achieved. In this chapter we present

the first implementation of a large-area, low-cost quasi-3D plasmonic crystal (PC) for

hot electron photodetection, showcasing multiband selectivity in the VIS-NIR and

unprecedented responsivities up to 70 mA/W. The PC facilitates the excitation of a

wide variety of propagating, localized and hybrid plasmon resonances, which ultimately

decay in the hot carriers exploited herein. Our fabrication strategy, which relies on

49
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soft nano-imprinting lithography (NIL) [155], paves the way for the implementation of

plasmonic hot-electron technology at a large-scale for a vast variety of optoelectronic

devices. The chapter is organized as follows. First, the NIL fabrication scheme together

with our proposed plasmonic crystal architecture is introduced. The next sections com-

prise the demonstration of the spectral tunability offered by our architecture and the

analysis of its origin. We conclude by evaluating the optoelectronic performance of our

PC hot-electron device for sensing.

5.1 Plasmonic crystal structure

For plasmonic excitation in metals the momentum mismatch between the bound surface

plasmon and the free propagating incoming photon has to be taken into account [156].

This additional momentum can be provided by scattering of nanoparticles, a prism or a

diffraction grating. The latter configuration is advantageous since the periodicity of the

architecture determines the frequencies at which surface plasmon polaritons (SPPs) are

excited, irrespective of the plasmon frequency of the metal [157,158]. This is the case of

the plasmonic crystals, in reference to their dielectric counterparts (photonic crystals):

metallic architectures with periodically organized motifs [159]. Plasmonic crystals can

sustain a wide variety of plasmonic resonances (propagating and localized) that can

further couple with each other to produce strong hybrid resonances [160,161]. In this

chapter we seek to exploit the complex and design-dependent dispersion relation of

the plasmonic crystal architecture to fabricate a tunable and broad band multispectral

VIS-NIR hot-electron based large-area photodetector.

Device fabrication: the plasmonic crystal structures were fabricated following a

soft nano-imprinting lithography technique. This method allows for a facile integration

with large scale manufacturing processes, such as roll-to-roll [105]. The fabrication

process is depicted in Figure 5.1. A polydimethylsiloxane mold (PDMS, 10:1 Sylgard

184), replicating a square array pattern from a silicon wafer (AMO gratings), was used

as “printing stamp”. A UV photocurable epoxy (SU8, Microchem), was spin-cast on top

of ITO-coated substrates (Stuttgart University) to make 500 nm thick films. Samples

were wetted with ethanol and imprinted with the PDMS stamp. Patterned resists were

UV cured after imprinting to improve their mechanical stability (λ = 360 nm, 15 min),

through a spatial mask defining squared imprinted regions of 9 mm2. Once the resists

were exposed and developed, 40 nm of ITO are sputtered onto the substrates using an

AJA sputtering system without masking, so the sputtered ITO is electrically connected

to the commercial ITO coated substrate. Finally, a 90 min annealing step at 200◦Cis
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Figure 5.1: Plasmonic crystal NIL fabrication process. A commercial stamp
with predefined lattice parameter, radius and pillar depth is used to shape a SU8
elastomer. The resist is baked to attain mechanical stability before the deposition of
the subsequent material layer processes: (1) sputtering of ITO, (2) ALD deposition of
TiO2 and Al2O3, (3) Au evaporation. SEM cross-sectional images are shown for the
last two processing steps.
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carried out under inert atmosphere to improve the conductivity of ITO. On top of

these substrates, devices are built by first depositing 60-80 nm of TiO2 and 0.5 nm of

Al2O3 (via atomic layer deposition, for detailed parameters see appendix A. The top

metal electrode consists of 200 nm of evaporated gold.

Figure 5.2: Device architecture and principle of operation. (a) Representation
of the plasmonic crystal photodetector. Light impinges from the bottom (ITO/glass)
exciting resonant modes responsible for the hot electron generation. (b) Schematic of the
device architecture: a square array of cylindrical voids in photoresist is coated with 40nm
of ITO, followed by 60 nm of TiO2 and 150 nm of Au. Different geometries are fabricated
varying both lattice parameter (L) and / or the cylinder radius (r). (c) Photograph of
a substrate containing eight 9 mm2 devices; the reflected colors are indicative of the
nanostructured metal electrodes. Scale bar is 1 cm. (d) 45◦angle view SEM image of the
periodic arrays. Scale bar is 2 µm. (e) Cross sectional SEM artificially colored to portray
the different layers of the architecture. Scale bar 400 nm. (f) Schematic representation
of the photocurrent generation process after light excitation: hot electrons derived from
plasmonic damping are emitted over the Au/ TiO2 Schottky barrier into the TiO2

conduction band.

Device architecture: the resulting plasmonic crystal photodetector is represented

in Figure 5.2. Large-area, 9 mm2 devices with different geometric characteristics were

fabricated (see photograph in Figure 5.2c). Different intense colors are observable with

the naked eye, as a result of the different resonances of the crystals. Their optical

properties can be precisely tuned with the lattice parameter (L), radius (r), cylinder

depth or TiO2 thickness. A SEM image (45◦angle) of the metal film (Figure 5.2d)

illustrates the periodic arrangement of the plasmonic crystal. The constituting ITO,

TiO2 and Au layers of the architecture can be distinguished in the cross-sectional SEM
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image in Figure 5.2e. The optoelectronic operation of the photodetector is based on the

interaction of the corrugated metal film with incident light. Photons impinging from

the ITO side (Figure 5.2a) excite several plasmonic resonant modes in the metal, which

ultimately result in the creation of electron-hole pairs in the metal through Landau

damping (Figure 5.2f). This rising hot electron population can then be collected by

the Schottky barrier at the Au-TiO2 interface, resulting in a photocurrent ultimately

dictated by the plasmonic crystal resonances. [107]

5.2 Multispectral response

We herein evaluate the spectral response of the responsivity at short-circuit condi-

tions for different plasmonic crystal structural parameters (Figure 5.3). The top panel

corresponds to L = 550 nm and r = 200 nm. Two overlapping resonances provide a

broader peak in the 500 to 700 nm region. Less intense features appear at 750 and 900

nm. This is in contrast with the observed responsivity spectra for randomly textured

Au electrodes, solely dictated by material properties, and that of the flat references.

As the optical properties of the plasmonic crystal are strongly influenced by r and L,

we intended to observe a different spectral response when changing these parameters.

Photodetectors with different lattice parameters (450 nm and 550 nm) and/or radius

(200 nm and 150 nm) were fabricated using NIL stamps with predefined features. Re-

ducing the cylinder radius by 50 nm already results in a noteworthy modification of the

responsivity spectrum (Figure 5.3b), enhancing NIR features and shifting resonances

in the visible. This demonstrates the impact a tiny variation in r has on the spectral

response. The modification of the lattice parameter is also expected to strongly modify

the available modes. Reducing L from 550 nm to 450 nm results in a reconfiguration

of the spectral response. A general shift towards shorter wavelengths is obtained for

the three main resonances, consequence of the larger wave-vectors provided by the

lattice. The impact of the PC architecture over the responsivity spectrum showcases

the suitability of this platform for tailored photodetection, since both the number of

resonances, their intensities and positions can be modified across the VIS-NIR. This

is, to our knowledge, the first demonstration of a solid state plasmonic photodetector

compatible with large-scale manufacturing processes.

To gain insight into the underlying mechanisms that give rise to this multiresonant

response, the optical absorption of a nanostructured device (r = 150nm,L = 450nm and

60nm of TiO2) was calculated with FDTD simulations (see appendix A for simulation

details) and compared to the experimental responsivity. The simulated absorption

faithfully reproduces the measured responsivity spectrum, matching the position of the
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nm and L = 450 nm. The spectral selectivity, number of resonances, their intensities
and positions can be modified with these parameters. Flat references are shown for
comparison (grey-dashed line).



55 5.2. Multispectral response

515 nm, 714 nm and 886 nm resonances (Figure 5.4a). Inspection of the field intensity

profiles associated to these resonances can provide information about the nature of the

plasmonic modes that are excited within the structure (Figure 5.4b-c, top). Absorption

rate profiles, relevant to hot-electron generation (Figure 5.4b-c bottom), can give

insights on the contribution of each mode to the resulting photocurrent (Figure 5.4b-c,

bottom).
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Figure 5.4: Responsivity spectra and its correlation with the optical re-
sponse of the plasmonic crystal. (a) Responsivity (scattered points) versus the
FDTD simulated absorption in the gold (red line). The electric field distribution (top)
and absorption rate (bottom) within the plasmonic architecture at (b) λ1= 515 nm (c)
λ2 = 714 nm and (d) λ3 = 886nm illustrating the different nature of the resonances,
from Mie-Bragg (b) to Localized- Bragg (c) to Bragg SPP (d) modes.

λ1 = 515 nm: the electric field (Figure 5.4b, top) spreads within the TiO2 layer,
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the photoresist and penetrates into the metal plate and cylinder. The corresponding

absorption is found within the volume of the gold pillar (Figure 5.4b, bottom). The

electric field profile in this case suggests a complex interplay between the plasmons

excited by the grating periodicity and the bulk absorption of the Au pillars (the

interband transition in gold starts at 2.4 eV) [161]. In this frequency range, light

can penetrate within the gold cylinder (an architecture with r = 150nm has an Au

cylinder with 50 nm radius, considering the ITO and TiO2 coatings), allowing the

excitation of lossy modes inside the cylinder. The divergence of simulated absorption

and experimental responsivity below 450 nm can be ascribed to a less efficient hot-

electron injection from the pillar-core compared to its surface [162,163], as the electron

mean free path is of the order of 15-20 nm for these wavelengths. Gold interband

transitions, relevant for this frequency range, are also known to be less efficient in

hot-electron injection due to the depth of Au d-band levels [163,164].

λ2 = 714 nm: this longer wavelength resonance (Figure 5.4c) presents on the other hand

an electric field distribution strongly bound to the Au/TiO2 interface. High intensity

nodes are identified at the base and at the top of the metal pillar, suggestive of SPP

interference leading to very high localization.

λ3 = 886 nm: for this resonance, the field is more concentrated along the vertical

facets of the metal cylinder. It is important to note that the corresponding spatial

distribution of the absorbed photons is more intense at the interface with the titanium

dioxide for the latter two plasmonic resonances, thus facilitating the injection of the

hot electrons into the oxide due to the proximity with the interface.

5.3 Mode hybridization and tunability

In this section we study in detail how the different structural parameters of the PC

affect its spectral response. By inspecting the influence of the lattice parameter we

clarify the origin of the different resonances, differentiating between localized, surface,

and hybrid modes. The effect of the radius, pillar depth, and semiconductor material

and thickness is also analyzed.

5.3.1 Influence of the lattice parameter

A deeper insight in the physical origin of the three resonances described before can

be obtained by comparing the evolution of the 2D absorption map (wavelength versus

lattice parameter L) when modifying different aspects of the plasmonic crystal structure

(Figure 5.5). These 2D maps help identify the plasmonic modes that depend only on
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the diffraction condition imposed by the lattice parameter, therefore called Bragg

SPP modes, the ones that are L-invariant, and the regions where both modes are

coupled [160, 161, 165]. Several of these 2D diagrams are analyzed in what follows.

Firstly, the effect of the ITO absorption towards longer wavelengths is revealed when

the 2D absorption map is computed, considering only the real part of the refractive index

of the conductive oxide (Figure 5.5a-b). When the losses in the ITO are disregarded,

the optical response of the architecture extends deeper into the NIR region with

increasing lattice parameter. Secondly, a simplified architecture is considered, removing

the glass, resist and ITO scaffold, which only leaves a bare gold-titania periodic interface

(Figure 5.5c). The number of plasmonic modes is in this case dramatically reduced,

implying that many of the modes are excited from the multilayered grating architecture

that constitutes our plasmonic crystal. The different corrugated interfaces (resist-ITO,

ITO-TiO2, TiO2-Au) effectively provide several subsequent gratings of similar center

to center distances, but different radii, refractive indexes and fill factors, launching

different SPPs.

Finally, we intend to distinguish between the horizontal, L-independent bands observed

together with the clear Bragg-SPPs. The first correspond to localized plasmons and

will depend on the gold nano-pillar geometry. The latter are associated with delocalized

propagative waves along the metal-semiconductor interface. When both modes overlap,

strong absorption enhancement and broadening is observed, as is the case of the point

(L, ) = (500nm, 714nm). The excitation channels derived from a pure photonic grating

on a flat metal film are depicted in Figure 5.5d. In this configuration, only Bragg-

SPPs modes can be excited. The absence of intense resonances underlines the crucial

role of the metal nanostructuring that cater for strongly localized modes as described

elsewhere [166]. The light incoupling mechanisms of our PC can be understood in a

simplified picture as the interaction of individual metallic (Figure 5.5b) and dielectric

(Figure 5.5d) gratings. The interplay between localized and Bragg plasmons has been

reported to greatly modify the mode distribution and to enhance the resulting oscillator

strength [160,161]. Such hybridization is also evident from the spatial field profile shown

in Figure 5.4b. Intense Bragg-SPP modes dominate above 800 nm, and the coupling of

those with the localized modes appearing at the edges of the metallic cylinders give rise

to strong enhancement. The origin of λ2 and λ3 resonances is therefore respectively

attributed to the interaction of Bragg and localized plasmon modes (Figure 5.4c) and

to propagative modes (Figure 5.4d).
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Figure 5.5: Analysis of the spectral response of the plasmonic crystal based
photodetectors. Simulated absorption in Au with varying lattice parameter of a
structure with r = 150nm (a) considering the complex refractive index of ITO, (b)
a non absorbing ITO, (c) TiO2 Au corrugated interface and (d) a dielectric (TiO2 -
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parameters employed to fabricate the devices from Figure 5.3. The white dots represent
the points where the field profiles are shown in Figure 5.4. Modes at the metal can
be excited either by coupling to SPPs with a dielectric grating (panel d), a metallic
grating (panel c) and the resulting interaction of both (panel b).
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5.3.2 Localized, propagative, and hybrid modes

To underpin the description of the plasmonic and photonic properties of the plasmonic

crystal structure, we turn now our attention to the angle dependence of the absorption

in the metal. Modifying the illumination angle results in the coupling to different

diffraction orders, offering thus a richer description of the mode interaction. The

simulated absorption as a function of the in-plane momentum component k|| = k0 sin(θ)

is presented in Figure 5.6 for a configuration L = 450 nm, r = 150 nm and t = 60 nm

of TiO2. The k|| = 0 slice corresponds to normal illumination as shown in Figure 5.5b.

The Bragg-nature of the mode at 900 nm is clearly illustrated. This correspond to a

4-fold degenerate mode, resulting from the in phase-interaction of different propagating

modes. The band between 700 nm and 850 nm is especially interesting. The coupling

and coherent interaction of grating-mediated and localized surface plasmons result in

the appearance of intense spots and anti-crossing features. Higher energy propagative

modes interact with different localized resonances, from 1000 nm to 700 nm, as k|| varies

from 0.2 to normal incidence. As it was previously suggested, the observed resonance

at 714 nm is the result of the interplay of propagative modes with localized resonances

in gold nanopillars. For shorter wavelengths the bulk, interband absorption of gold

becomes the dominant absorption mechanism. Yet, hot-electron photocurrent is only

monitored once it overlaps with the different grating orders, which further supports the

observed differences in total absorption and responsivity below 550 nm (Figure 5.5a).

This feature confirms earlier theoretical predictions, and evidences the lower efficiency

of interband transitions for plasmonic hot-electron harvesting [163].

Figure 5.6: Dispersion relation of a plasmonic crystal sample with L = 450 nm
and r = 150 nm. The in plane, k|| component of the incident momentum, is changed by
varying the angle θ. The absorption spectrum changes as different modes are excited.
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A theoretical framework to account for the observed mode interaction, and that would

allow for further ab initio design considerations can be adopted from previous works

that describe the light scattering by particle arrays [157]. In such a formulation, the

induced electrical dipole in the structure can be written as,

p =
1

1/αE −G(k||)
Eext (5.1)

where αE is a tensor describing the interaction of a particular element with the electric

field, and G is a function of the lattice that is minimized when the structure is resonant

with the excitation. In this way, the properties of the individual particles and their

associated localized resonances (αE), are separated from those of the lattice G(k||).

Strong light-matter interaction occurs when either 1/αE , G(k||), or the sum of both

are in resonance. The additional degrees of freedom provided by the plasmonic crystal

architecture offer thus a versatile platform to tailor individual resonances and mode

hybridization for particular applications.

5.3.3 Influence of pillar and coating properties

Further structural parameters can be employed as a leverage to tune the spectral

response of this architecture in the VIS-NIR range. Modifying design parameters, such

as stamp pillar height and radius can substantially affect the resulting modes and their

interaction (Figure 5.7). Other material parameters, such as the selected semiconductor

and its thickness, can be used to further tune the PC response (Figure 5.8).
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Figure 5.7: Influence of Au pillar heigth and radius on the plasmonic crystal
optical properties. Variation of the simulated absorption in Au as a function of
imprinted pillar height (a) and radius (b) for L = 450 nm and t = 60 nm.
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Figure 5.8: Influence of semiconductor refractive index and thickness on the
optical properties of plasmonic crystal photodetectors. Simulated absorption
in the Au as a function of semiconductor refractive index (top left) and and thickness
(top right) for an imprinted cylinder radii r = 150nm (top) and r = 200nm (bottom).
TiO2 layer thickness limits the metal cylinder radius and modifies the position and
intensity of propagating and localized resonances. The plasmon resonances are very
sensitive to the coating’s refractive index (right column), showcasing the importance
of a proper semiconductor election for hot-electron device applications.

Pillar height: tweaking the pillar height, for example, affects the position of the 700

nm and 800 nm resonances since it is expected to modify the pillar localized resonance

and the subsequent hybrid mode. The 900 nm resonance remains however invariant,

as it is solely determined by the lattice parameter.

Pillar radius: the behavior with stamp radius (Figure 5.7b) is more complex, as

not only does the local geometry change but also the gratings’ filling fraction. As a

consequence, the spectral response of the plasmonic crystal is modified. The variation

of the stamp cylinder radius results in a slight blue-shift of the 900 nm resonance, and

in a modification of the position and intensity of the hybrid resonances in the 600-800

nm window. These changes are attributed to the resulting different metallic pillars (as

the ITO and TiO2 thicknesses were kept constant) obtained by increasing the diameter

of the initial cylinders.

Semiconductor optical properties and thickness: the variation of the optical

response of the plasmonic crystal with the refractive index and thickness of the semi-

conducting oxide layer is shown in (Figure 5.8). The refractive index of the active

semiconductor is found to play a crucial role for efficient light coupling across the VIS-

NIR. This dependence is dictated by the optical properties of the underlying ITO layer
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and the semiconductor thickness, which support propagative modes within the TiO2

slab. The strong influence with this parameter offers also interesting opportunities for

active plasmonic sensing applications, where small changes in the refractive index could

be electrically monitored. An extra degree of freedom in the design is the thickness of

the TiO2 layer. Its modification influences both the available modes that can propagate,

and the filling fraction and radius of the top metal layer. For the refractive index of

compact, anatase TiO2, (n ' 2.1), the optimum semiconductor thicknesses lie in the

60-80 nm interval.

5.4 Optoelectronic performance

In this section the optoelectronic characteristics of these structures operating as pho-

todetectors are presented. The dark currentvoltage response, indicative of a Schottky

junction between Au and TiO2, is shown in Figure 5.9a. Despite the high-tunability

offered by our plasmonic crystal architecture, responsivities at short-circuit conditions

are still low for practical applications, a common drawback for plasmonic-hot electron

devices. The application of a reverse bias to the Au/TiO2 junction however allows

leveraging the low injection yield, as the associated decrease in the barrier height favors

an increasingly efficient hot-electron injection. The device responsivity as a function of

reverse bias is shown in Figure 5.10 for different illumination wavelengths. We observe

that absolute values are indeed increasing by orders of magnitude when the Schottky

junction for increasing reverse bias. The sharp increase in photoconversion efficiency

with applied voltage is ascribed to the strong Al2O3/TiO2 barrier modulation, that

promotes the injection of hot-electrons [101, 130]. As the reverse voltage increases, a

higher fraction of the excited population can tunnel and the responsivity increases. This

process saturates once most of the hot-electrons are injected. A similar behavior was

also recently observed in MIM hot-electron devices [101]. Noticeably, both responsivity

onset and saturation biases depend on the energy of the excitation ~ω, as depicted

for 406 nm, 640 nm and 900 nm illuminations. The hot electron population will be

distributed along Ef and Ef + ~ω [162]. Consequently, higher energy excitations are

expected to produce responsivity onsets and saturations at lower voltages, whereas

less energetic excited populations would require higher operation voltages. This trend

is experimentally confirmed in our case, where both the onset and saturation voltage

clearly depend on the illumination wavelength. To further corroborate this picture, we

compared the observed trends in responsivity with a qualitative theoretical model that

takes into account hot-electron injection through the bias-modified Au-Al2O3-TiO2

barrier (Figure 5.9b). Our model takes into consideration the tunnel probability as a

function of bias for an energy dependent, hot-electron population, at the metal-alumina
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interface. A good qualitative agreement is obtained with respect to the experimentally

measured behavior. A full description of the model can be found in appendix C.
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Figure 5.9: Dark current voltage characteristics of a Au-TiO2 plasmonic
crystal representative device depicting the Schottky junction established between the
Au and the TiO2 substrate. In the inset the dark current at reverse bias is shown in
logarithmic scale for clarity.

Efficiency estimates: the situation of low performance at short-circuit conditions

can therefore be overcome by operating the devices under reverse bias. In the saturation

regime, responsivities as high as 70 mA/W are within reach for the hybrid modes,

being ultimately limited by the absorption of the plasmonic structure, the hot-electron

distribution and emission. This is, to our knowledge, the highest responsivity reported to

date for plasmonic hot-carrier devices, and serves to showcase the potential application

of electrically active plasmonic devices for photodetection. The corresponding external

quantum efficiency in this case is 12%. The internal quantum efficiency can be estimated

from the EQE by considering the absorption in the metal layer. This can be done with

the aid of numerical simulations, since the absorbing character of ITO requires the

separation of different contributions at each wavelength in the ITO. Total absorption

measurements and the corresponding simulated profiles are shown in Figure 5.11. The

absorption was calculated as 1−R−T . Reflectance was measured using an Agilent 660

FTIR attached to a microscope with a 4X objective (NA 0.1) and a spatial mask. The

experimental absorption was then reproduced with FDTD simulations. An accurate

estimation of the IQE is highly challenging, since tiny deviations between measured and

simulated values can affect the calculation. An interval is however given, whose limits

are calculated from the most pessimistic (all experimental absorption takes place in

gold) to the most optimistic (absorption in the gold taken from simulations) situations.

This would yield an IQE estimation between 17% and 30%. In the same way the IQE

can be calculated for other wavelengths. The IQE at 406 nm ranges from 6.04% to
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Figure 5.10: Device optoelectronic performance. (a) Responsivity as a function
of applied reverse bias for a representative device (r=150nm, L=450nm) at three dif-
ferent illumination wavelengths. Negatively biasing the junction results in a prominent
increase of responsivity as a higher fraction of the hot electron population is able to
tunnel through the Al2O3/TiO2 barrier. Depending on the illumination energy different
responsivity onsets and saturation voltages are obtained, as the tunneling probabil-
ity increases for lower energies with increasing bias. A maximum R = 70 mA/W is
obtained for 640 nm illumination at 4V reverse bias. (b) Proposed model to describe
hot-electron injection for different reverse biases (see appendix C). The responsivity
saturates once the lowering of the potential barrier allows for the tunneling of the
majority of excited states.
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8.65%, and the one associated to 900 nm from 2.71% to 8.15%. EQE and IQE values

are summarized in table 5.1. The sensitivity of the devices is characterized with the

specific detectivity D∗, where the noise spectral density was estimated as Sn =
√

2qId

(shot-noise limit). Under the optimum operation conditions this yields a D∗ of 3.3 ·1010

Jones. The maximum hot electron excitation, injection efficiency and sensitivity is thus

obtained when Bragg and localized modes interact.
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Figure 5.11: IQE estimation. Simulated absorption in the photodetector architec-
ture (calculated as 100-R, black dotted line) versus simulated absorption in the gold
layer (red dotted line). The value of 100-R measured in an actual device is presented
in solid line for comparison (right axis). The estimated IQE lies between 17% and
30%, if the total experimental absorption (which comprises the absorption in the metal
plus the residual one in the ITO) or only the simulated absorption in the metal is
considered.

Table 5.1: Performance of PC sensors for different illumination wavelengths

λ(nm) R (mA/W) EQE (%) IQE (%) D∗ (Jones)

406 19 5.8 6.0 - 8.6 9.1 · 109

640 70 12.0 17.0 - 30.0 3.3 · 1010

900 11 1.6 2.7 - 8.1 5.3 · 109

The temporal response of the devices is shown in Figure 5.12a, where the photocurrent

is shown under pulsed illumination. The decay is in the tens of ms range (∼ 100

ms), is currently limited by the RC constant of the devices, in view of their large

area footprint (9 mm2) and high TiO2 resistivity. Further improvements can be readily

achieved via appropriate geometric designs. We also characterized the dynamic response

of the plasmonic crystal devices by monitoring the generated photocurrent at different

power intensities (Figure 5.12b). There is a clear linear response with irradiance, which

suggests that within the collected electrons there are no non-linear processes involved

(at least to an experimentally appreciable extent), such as for example the collection
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Figure 5.12: Temporal and dynamic response. (a) Time trace of a representative
device at short-circuit conditions. The decay is fitted with a single 125 ms exponential,
in excellent agreement with the extracted RC constant of the device (the measured
C = 5 nF and R = 25 MΩ at the same conditions yield a τ = RC of 125 ms). (b)
Obtained photocurrent at short circuit conditions as a function of incident laser power
for 635 nm illumination.

of secondary excited electrons.

5.5 Conclusions

In this chapter we have presented a robust and novel architecture for multispectral,

visible-infrared photodetection, based on hot-electron injection from plasmonic crystals.

Our approach is not only interesting from a photonics point of view, due to the rich

optical response of the plasmonic crystals, but also from a practical point of view. Unlike

prior hot-electron devices, we make use of soft-NIL, a fabrication technique compatible

with large area manufacturing processes. Moreover, our device architecture has reached

responsivities up to 70 mA/W and IQEs up to 30% when operated at reverse bias.

Combined with the large scale compatible fabrication, this enables the use of this

technology for practical, out of the lab, applications. Improvements in responsivities

can be expected by further controlling hot electron emission and collection directions,

shown to increase the collection efficiency of hot electrons in other systems, and by

geometry optimization. Other areas such as photovoltaics or photocatalysis [53,85] can

benefit from this approach, as large area and infrared sensitization can respectively

result in reduced fabrication costs and increased efficiencies. Further development will

rely on the challenging task of finding specific plasmonic crystal designs capable of

extending the photoconversion process into the SWIR and mid-infrared regions. The

active exploitation of plasmonic non linear effects also offers an interesting route to be

explored [13,167], as it could find applications in up-conversion detection for enhanced

IR sensing.



6
Prospects for Hot-Electron Optoelectronics

In this chapter we theoretically explore a roadmap for next generation plasmonic hot-

electron optoelectronic devices. We first analyze the projected performance of plasmonic

solar cells and demonstrate how the use of a MIS architecture can circumvent current

predicted limitations [119]. The presence of a thin insulating layer can serve not only to

passivate surface defects and control Voc and Jsc in the case of SAM devices, but also

act as a leverage to the performance-limiting thermionic dark current. Based on that

we demonstrate that MIS plasmonic solar cells can outperform best MS predictions for

a given choice of materials over a factor of three. We then apply our model to estimate

the performance of MS and MIS photodetectors. As it has been outlined in chapters 2

and 4, the presence of a Schottky barrier sets a cut-off energy for hot-electron harvesting.

Lowering this barrier would promote more efficient electron injection, but also, on the

other hand, result in elevated dark currents. We explore this trade-off in sensitivity

and suggest the use of an insulating barrier as a means to extend detectivities into the

infrared region. We will conclude by presenting an outlook on future directions for hot-

electron optoelectronics, with emphasis on the use of novel plasmonic materials, such as

degenerate semiconductors, and on structures maximizing hot-electron emission.

67
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6.1 Photovoltaic applications

The outstanding light-matter interaction of plasmonic nanostructures makes them

ideal candidates for light-energy harvesting. Fostered by the advances in plasmonic

hot-electron photodetectors, few theoretical frameworks that explore the potential of

those devices for solar harnessing have been reported [118,119]. Unlike in traditional

photovoltaics, which rely on semiconductor absorbers, the photosensitization in this

new class of devices arises as a consequence of plasmonic absorption and hot-electron

injection (chapters 2 and 3). White et al. predicted a maximum PCE up to 8% [118] for

Schottky plasmonic cell, assuming perfect absorption in the metal but overlooking elec-

tron transport from the metal to the MS interface. Recently, Leenheer et al. presented

a more restricted scenario where, by including hot-electron emission dynamics the pre-

dicted PCE ranged between 1% and 10% [119]. The elevated dark current attributed to

the thermionic emission process was found in the latter to be a limiting factor for the

Vmpp; high Schottky barriers (φb > 0.7 eV) were required at the expense of the number

of injected carriers. In what follows, we present theoretical performance predictions

based on upgraded versions of the two aforementioned models, and also propose a third

description matching experimentally realistic conditions for the metal-semiconductor

interface. The optimum operating conditions and main limitations are then discussed.

In order to estimate the PCE both photocurrent and dark-current bias dependence

need to quantified as,

PCE(%) =
|Jph + Jd|V
Pinc × 100

(6.1)

The dark current can be split into its thermionic (Jth), majority carrier, and diffusion

(Jdiff ), minority carrier components,

Jd = Jth + Jd (6.2)

where,
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Jth = A∗T 2e−φb/Vt(eVa/Vt − 1) (6.3)

Jdiff = q
Den

2
i

NdLh
(eVa/Vt − 1) (6.4)

A∗ is the material-dependent modified Richardson constant, which ranges from ∼ 30

to 120 A/cm2/K2. Vt = kT/q is the thermal potential, Dh the diffusion coefficient,

ni and Nd respectively the intrinsic and majority carrier concentrations, and Lh the

diffusion length. In a Schottky diode, the dark current is dominated by the thermionic

emission component, which corresponds to the injection of majority carriers between the

metal and the semiconductor. In practice, Jth greatly limits the maximum obtainable

open-circuit potential due to the elevated dark current [168]. Jdiff describes on the

other hand the diffusion of the excess, minority-carriers from the depletion region to

the electrodes. The photocurrent can be split into different processes, and obtained

as,

Jph(Va) = q

∫
ϕ(λ)ηabs(λ)ηt(λ)ηi(λ, Va)dλ (6.5)

where ϕ(λ) is the incident flux, ηabs(λ) represents the process upon which an incident

photon generates an electron-hole pair, and ηt(λ) and ηi(λ, Va) describe respectively

the process of hot-electron transport and injection to the neighboring semiconductor.

The differences in the models which have been reported to date [118,119], arise from a

different description of the latter processes. The introduction of momentum considera-

tions defines a narrow electron-escape-cone (determined by the emission angles which

allow sufficient momentum to transverse the interface, as described in chapter 2) in

ηt(λ), showing a drastic reduction in the maximum PCE, which is lowered from 8% to

1%. This condition is however often relaxed due to the existence of surface imperfec-

tions, poly-crystalline domains or small feature sizes. Moreover, the suitability of the
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generalized Fowler theory, on which ref. [119] relies upon, has been recently questioned

for nanostructured metals [64]. The conceptual differences of these models are depicted

in Figure 6.1. The most optimistic, absolute upper bound for performance, (panel a)

corresponds to a system where all photons are absorbed, converted into electrons and

injected once at the interface in case they retain enough energy to surpass the barrier

(or equivalently, that all the energy corresponds to the momentum perpendicular to

the interface). This approach could nevertheless be valid to describe extremely thin

metal films, nanoparticles or nanostructures with features on the order of 20 nm or fully

embedded in a semiconductor, where hot-electron injection processes are predicted to

be more efficient [64,119,169,170]. The electron transport is assumed to be perfect in

this model, and material properties such as the electron mean-free-path or the field

distribution inside the metal were not taken into account. As a compromise between

this and the model of Leenheer et al., we consider a scenario where an emission cone

is defined as a function of LMFP and the decay length of the field intensity inside

the metal. Hot-electrons that reach the interface without collision events and enough

energy, are assumed to tunnel regardless of the momentum component perpendicular

to the interface. This could be driven by surface features or defects which, by breaking

the traslational invariance, result in wider emission cones. Our proposed model would

collapse to the one proposed by White et al. for nanostructures small enough with

respect to the mean-free-path.

The material-dependent emission cone is defined as,

θmax(z, λ) = arccos (z/LMFP (λ)) (6.6)

provided z < LMFP (otherwise θmax is assumed to be zero), where z is the distance

to the interface. The collection of hot-electrons can be enhanced for properly nanos-

tructured interfaces where more directions would have been accessible. An analytical

expression for LMFP was adopted from [119]. The overall transport efficiency can be

computed by including the field intensity profile and integrating along z.

ηt(λ) =
α(λ)

π

∫ ∞
0

θmax(z, λ) exp (−α(λ)z)dz (6.7)
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Figure 6.1: Models for hot-electron transport to the metal-semiconductor
interface. (a) The simplest scenario corresponds to a system where all electrons
with energies above the Schottky barrier height are injected, regardless of their initial
position or direction. This could be the situation of ultrathin metallic nanostructures
with features smaller than LMFP . (b) If the electron mean-free-path is considered, only
a fraction of the energetic electrons will be able to reach the interface before a collision
event. This defines an effective emission cone narrower for higher energies. The majority
of the carriers will be however generated in the vicinity of the interface, following an
exp(−αz) dependence. (c) A more restricted approach consists of introducing a cut-off
emission angle, corresponding to the minimum momentum (kcrit) required to surpass
the barrier. This would be the case of a perfectly flat and single-crystalline metal.

The situation depicted in Figure 6.1c corresponds to the most restrictive scenario. The

electron emission cone is defined in this case as,

θmax(λ) = arccos

(
kcrit
k

)
= arccos

(√
EF + φb
EF + ~ω

)
(6.8)

where kcrit is the minimum momentum component required to overpass the barrier.

The total transport efficiency can then be written as,

ηt(λ) =

∫ θmax

0

sin(θ)dθ

∫ ∞
0

dz exp

(
− z

LMFP (λ) cos(θ)

)
sin(θ)βE(z) (6.9)

where βE(z) represents the field intensity distribution along the z direction, which

Leenheer et al. considered to be uniform for thin enough films [119]. In all cases
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we consider a uniform distribution of the hot-electron population between EF and

EF + ~ω, and an injection efficiency, ηi(λ, Va) described by the modelled barrier and

the tunnelling probability described in appendix B. Unlike prior reports our model also

includes the modification of the semiconductor band-bending with applied bias, which

effectively reduces the amount of hot-electrons that can tunnel as the forward bias

increases. As a result of this, fill-factors will be lowered with respect to bias-independent

descriptions.

φb(eV)

P
C

E
 (

%
)

0 0.5 1 1.5 2 2.5 3
0

2

4

6

8 w/o scape cone

w/o scape cone
semi

scape cone LMFP

scape cone k

Figure 6.2: PCE as a function of φb for different models: without emission
cone restriction [118], assuming an isotropic emission and a single planar interface only
half of the emitted electrons reach the semiconductor. Under the restriction imposed
by LMFP and decay length, and under the restriction dictated by parallel momentum
conservation [119].

The power-conversion-efficiency of TiO2-metal plasmonic Schottky solar cells, as calcu-

lated by these models is presented in Figure 6.2 as a function of the barrier height. In

all cases a threshold barrier, around 500 meV, is required in order to sustain an open-

circuit voltage. This is a consequence of the elevated dark current posed by thermionic

emission. The maximum PCE is maximum for φb within the 1-1.4 eV interval, and

ranges from 1% (in agreement with ref. [119]) to 8%. If material restrictions are in-

cluded, the maximum PCE drops to 2.7% for a single quasi-planar interface. The wide

range of obtainable PCEs showcases the paramount importance of a proper nanos-

tructure design for an efficient operation of plasmonic hot-electron solar cells. In the

remainder of this chapter we will focus on exploring the upper limits for PCE, and for

that follow the most optimistic scenario. The relevant photovoltaic figures of merit are

shown in Figure 6.3, together with the current-voltage trace of the champion device. In

Figure 6.2 it can be seen how the photocurrent moderately decreases with forward bias,

dominating the total current J until thermionic emission takes over. Figure 6.3b shows
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Figure 6.3: Predicted J-V characteristics and figures of merit. (a) Current-
voltage trace for the best performing configuration (φb = 1.15 eV). The dark-current
onset determines the maximum Voc. (b) Voc and Vmpp, (c) FF, (d) J and (e) PCE, as
a function of φ.
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the dependence of Voc and Vmpp with φb. A minimum barrier of 0.5 V is needed in

order to allow for an open-circuit-voltage, and a difference of around 600 meV between

φb and Vmpp. This hinders the photovoltaic response for low barriers. The fill-factor

(panel c) rapidly rises until its maximum, and softly decreases after 1 eV. Jsc (panel

e) continuously decreases with increasing barrier-height, establishing a trade-off for

optimum PCE (panel d). It is clear that, besides electron emission considerations, the

elevated thermionic dark current is constraining higher PCE yields. In what follows

we discuss the benefits of the MIS architecture to leverage these limitations.

6.1.1 MIS performance estimates

In MS Schottky diode, the maximum barrier height for neat interfaces is given by

φb = χsc −Ef,m. Therefore for a given choice of materials, the resulting barrier might

not suffice to sustain a high Voc, limiting the performance of the plasmonic solar cell.

This limitation is a consequence of the elevated thermionic dark current. This situation

can change, however, for a MIS configuration. The presence of the insulating barrier,

can effectively reduce the tunnelling rate of majority carriers and also reshape the

potential distribution across the cell. The thermionic component of the current follows

the law,

Jth = PhA
∗T 2e−φ

′
b/Vt(eqVsc/Vt − 1) (6.10)

In a MIS structure, with an insulator of appropriate electron affinity and thickness,

the thermionic component can be much smaller than its MS counterpart [168]. This is

mainly because of: (i) the tunneling probability Ph, typically expressed as e−χ
1/2
insd [171],

(ii) the modified barrier height φ′b and (iii), the smaller potential drop Vsc in the

semiconductor, for a given a applied bias Va. Its value depends on the voltage divider

established by the insulator and the semiconductor (see appendix C). The situation for

minority carriers will remain the same, as described in equation 6.4. As it was shown

in chapter 3, the introduction of the barrier will also notoriously affect the amount of

injected current. A trade-off therefore exists between reduced dark current (with the

associated increase in Voc and an efficient injection). In Figure 6.4 we present, for a fixed,

neat Ag-Insulator-TiO2 junction, the relevant figures of merit for different insulator

thicknesses and electron affinities. Upon the introduction of very thin insulating barriers

the short-circuit current drops for shallower electron affinities and thicker layers (panel
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Figure 6.4: Jsc, Voc, FF and PCE as a function of d and χins for a TiO2-I-Ag
junction. (a) Short-circuit current, (b) fill-factor, (c) open-circuit voltage and (d) PCE.
An increase from 2.3% (MS configuration) to 9% can be obtained by an appropriate
choice of the insulating material thickness and electron affinity.

Figure 6.5: Jsc, Voc, FF and PCE as a function of d and χins for a TiO2-I-Au
junction. (a) Short-circuit current, (b) fill-factor, (c) open-circuit voltage and (d) PCE.
A moderate decrease 7.138% (MS configuration) to 6.95% is obtained in this case. The
performance in this scenario is limited by the drastic reduction in FF.
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a). On the other hand, the obtained Voc can be dramatically increased, from 0.13 V (in

the absence of the barrier, where φb = 0.6 eV), to up to 1.1 V. This is a consequence of

the reduction in the thermionic emission component of the dark current. For insulators

thick enough (above 1.5 nm), the dark current is instead limited by diffusion allowing

for a much higher open-circuit voltage. Shallower electron affinities also reduce the dark

current but the diminishing of the photocurrent is more prominent. As a consequence

of this trade-off between Voc and Jsc, a hot-spot exists where optimum efficiency is

reached, corresponding to a PCE of 9%, over a three-fold increase compared to the

MS counterpart. The challenge is to identify insulating materials with the adequate

characteristics. Given the range of thicknesses and electron χins [172], organic molecules

appear to promising route to boost solar cell’s performance.

In Figure 6.5 we present the same study, for a fixed, neat Au-Insulator-TiO2 junction.

In this case however, the presence of the insulating layer does not increase the net PCE

but result in a moderate decrease (from 7.14% to 6.95%). This can be explained by

the high Voc in the starting MS configuration, where the barrier height was φ = 0.9

eV, greater than in the silver case. Thus, the insulating layer does not substantially

improve this figure of merit but reduces Jsc and FF . This suggests that the use of

the MIS architecture is in particular adept for low barrier MS Schottky diodes. We

note that this would be the case for neat interfaces, absent of electronic defects. As we

have seen in chapters 3 and 4, surface imperfections and trap states often dominate

the electrical response and the use of insulator interface layers in general improves the

device performance over the MS counterparts.

6.2 Photodetection

Along this chapter we have discussed the importance of the Schottky barrier height for

hot-electron plasmonic light-energy harvesting. We have shown that a trade-off exists

between the dark current and the injection efficiency. In this section we discuss the effect

of this trade-off on the performance of hot-electron photodetectors. The compromise

between dark-current, associated noise, and responsivity, results in an optimum range

of operation (or maximized D∗) in the φb − λ space. In order to evaluate the specific

detectivity, the noise spectral density has to be calculated. In the remainder of the

chapter we assume a shot-noise limited detectivity, where Sn is given by,

Sn =
√

2qId (6.11)
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q being the elementary charge and Id the dark current. This election guarantees a

conservative estimation for the sensitivity, since other sources, such as background-

limit or Johnson noise are less intense [173, 174]. The dark current can be modelled

as described in eq. 6.2. The calculated EQE, R, Jd, and D∗ are shown in Figure 6.6,

as a function of φb for different reverse bias. The EQE dependence with energy (or λ)

and φb reflects the cut-off imposed by the Schottky barrier. As demonstrated in the

previous chapter, the application of a reverse bias can increase the injection efficiency

(panels a and b), and extends the response into longer wavelengths. The dark current

is depicted in panel c, being limited by recombination and diffusion. As the barrier

height is increased the thermionic component rapidly decreases. The resulting D∗ is

shown in panel d. For a given wavelength of interest, an optimum φb exists. D∗ up to

1014 Jones can be achieved in the VIS-NIR regime for barrier heights on the order of

0.8− 1 eV. Under reverse bias conditions the sensitivity can be extended well into the

MWIR and LWIR regions.

6.2.1 MIS to tailor photodetector performance

As discussed in the previous section, the introduction of an insulating layer can serve

as a tuning mechanism to tailor the junction properties. If a barrier height is imposed

by material constraints, a MIS architecture can be used instead to decrease the limiting

effects of the dark current and extend the device sensitivity into the wavelength regions

of interest. EQE and D∗ are shown in Figure 6.7 for different insulator thicknesses, as a

function of electron affinity, for a fixed φb of 0.3 eV. This would correspond to an average

D∗ of 1011 Jones as calculated in Figure 6.6. The EQE can be marginally increased

towards lower energies upon the introduction of the insulating layer. This phenomena,

a priori counter intuitive, can be attributed to a higher potential drop across the

insulator, in exchange of a reduced band-bending in the semiconductor; as a result, a

higher fraction of excited hot-electrons can be collected. Calculated detectivities are

shown in the bottom row. The dark-current reduction allows for an extended sensitivity

into the IR, especially for thin insulators, where up to 300-fold D∗ enhancements can

be expected. Insulating layers can thus also act as a leverage to increase the detectivity

of MIS devices from otherwise low sensitivity MS photodetectors.

6.3 Novel materials

We have seen, throughout this thesis, that the most important limitations for hot-

electron optoelectronic solar cells and photodetectors are: (i) a large-scale compatible

fabrication method capable of exploiting plasmonic tunability and (ii) modest device
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Figure 6.6: EQE, R and D∗ as a function of Schottky barrier heigth φb and
wavelength. From left to right, Va = 0V , Va = −2V and Va = −4V . The shot-noise
limited specific detectivity is determined by the trade-off between R, which linearly
increases with lower barriers, and dark current, that exponentially increases with barrier
lowering.
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Figure 6.7: Insulating barrier to leverage photodetector performance. EQE
and D∗ (shot-noise-limited) for a given Ef − χsc difference of 0.3 eV (which would
correspond to φb = 0.3 eV in a MS configuration) and different insulator thicknesses
and electron affinity. The presence of the insulator allows for increased D∗ for a given
metal and semiconductor, due to the associated dark current reduction. From left to
right, d = 0.2 nm, d = 0.5 nm, and d = 1 nm. White dashed lines join the points with
D∗ = 1011 Jones, corresponding to the MS reference.

performance due to the low injection yield. Both aspects were successfully tackled

in chapter 5, where we presented a device platform capable of overcoming both as-

pects. In this section we will briefly discuss other alternatives which also have the

potential of meeting those requirements. For an efficient photon-to-electron conver-

sion, harvesting structures must favor Landau damping over radiative recombination

and, as considered in section 6.1, be small enough to reduce escape-cone and ma-

terial limitations—conveniently, Landau damping is more efficient for small particle

sizes [58, 70, 163,175,176]. Metallic nanoparticles (NPs) are ideal candidates to match

this conditions; they have been widely studied, their size can be tuned in a facile way

and more important, are solution processable (up to a given, long diameter). The ab-

sorption spectrum of silver and gold nanoparticles is shown in Figure 6.8, with narrow

resonances in the visible. A set of nanoparticles whose spectral response can be tuned

across the VIS-NIR, are nanorods (NR) and nanotriangles (NTs). The absorption of

Au NR and Ag NTs is also represented in the Figure for a particular aspect ratio.

Another exotic way to harvest IR photons is to use degenerate semiconductors, such as

copper-sulfide (Cu2S) or ITO NPs. The plasmon resonance position, proportional to
√
Nd, can be precisely tuned by adjusting the carrier concentration. Given the combina-

tion of wide-tunability, appropriate size and solution processability, these materials are

exciting candidates access spectral regimes that cannot be reached by traditional semi-
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conductors or are based on toxic cadmium-mercury-telluride materials [177,178].
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Figure 6.8: Solution-processable materials for VIS-NIR hot-electron har-
vesting. By either changing the metal (Ag vs. Au nanoparticles), the shape (Ag
nanotriangles Ag NT and Au nanorods Au NR), or the doping in degenerate semicon-
ductors, such as copper-sulfide (Cu2S) or ITO nanoparticles, the plasmon resonance
can be tuned from the visible to the short-wavelength infrared.)

6.4 Conclusions

In this chapter we have discussed the limitations of plasmonic-hot electron technology

for solar energy harvesting and photodetection. We have showcased the importance

of proper device design and nanostructuring for efficient hot-electron collection, with

maximum PCE up to 8%. Despite being lower than the Schokley-Queisser limit for

standard solar cells (33%), these kind of devices might find its niche for unconventional

light-harvesting applications, where the exotic properties endowed by the plasmonic

nature of photoelectric conversion would be advantageous. Given the stability of this

platform, which solely relies on noble metals and oxide semiconductors [179], the

presented devices are also great candidates for photocatalytic applications, such as H2

or fuel production [85], and active photochemistry [180]. We have also theoretically

evaluated the additional degrees of freedom in device design presented by MIS, that

allowed us to overcome φb restrictions and, increasing the PCE by over a three-fold

factor for a given choice of materials. The presence of the interface mainly served

to reduce the dark current and redistribute the electrostatic potential distribution

across the device. The performance of plasmonic hot-electron photodetectors was also

examined. Despite the R-φb trade-off, the sensitivity of these devices can be extended

well into the infrared, with maximum detectivities up to 1014 Jones.



Conclusion

The field of plasmonic hot-carrier optoelectronics has seen tremendous advances during

the last years. The enticing light-matter interaction of plasmonic systems enables for a

new class of devices where, unlike in semiconductors, optoelectronic functionalities are

determined from metal nanostructuring. The combination of wide and facile tunability

with high absorption is especially appealing for photovoltaic and sensing applications.

The results presented in this thesis aim at representing an advance in the knowledge

and performance of this technology.

Significant challenges existed nevertheless prior to this work, which posed severe res-

trictions to the potential of this optoelectronic platform, both from performance and

implementability perspectives. In this thesis we have addressed the aforementioned

issues leading to the next findings:

• Demonstration of the first hot-electron plasmonic Schottky solar cell.

The most straightforward approach to harvest plasmonic hot-electrons is the

Schottky metal-semiconductor junction. Prior to this work, proof-of-concept plas-

monic Schottky diodes had been reported [107]. These devices however lacked

of the ability of a photovoltaic response. In this thesis we identified the crucial

role of the metal-semiconductor interface for photovoltaic applications. In chap-

ter 3 we pinpointed surface interfacial states as the origin of open-circuit voltage

suppression. While hot-electron injection was possible (with efficiencies above

4%), these states resulted in Fermi level pining thus hindering the photovoltaic

response of this architecture. We found that, by introducing an ultrathin insu-

lating alumina layer, interface states could be passivated, which enabled for the

concurrent achievement of short-circuit current and open-circuit voltage, a requi-

site for energy conversion. In doing so, we also found that hot-electron injection
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processes were affected: energetic electrons had to traverse this interfacial layer,

lowering the injection yield and the optoelectronic performance. By optimizing

the device architecture, power conversion efficiencies of 0.03% were reported. Dif-

ferent types of electron injection mechanisms were also identified depending on

the choice of materials: for Ag-based MIS devices the majority of hot-carriers

undergo Schottky-like emission or trap-assisted tunnelling, whereas in Au-based

MIS devices the dominant transport mechanisms Fowler-Nordheim tunnelling.

• Tailoring the photovoltaic response by interface molecular control.

The utilization of an inorganic insulating layer allowed for a photovoltaic response

at the cost of limited injection. In chapter 4 we explored the use of self-assembled

monolayers (SAMs) to concurrently control open-circuit voltage and short-circuit

current. On top of the ability to passivate surfaces, the plurality of parameters,

such as structure or chemical composition that could be tuned, allowed for the

tailoring of the interface properties. We have shown that, by adjusting SAM

molecule’s length, the injection efficiency could be increased, resulting in higher

external quantum efficiencies (up to 5%) and power conversion efficiencies (up to

0.1%). We have also showcased the ability of SAMs to control the open-circuit

voltage in these devices, depending on the dipole moment of their constituent

molecules’. This enabled for the achievement of open-circuit voltages from 0.2 V

to above 0.5 V. Interestingly, we found that the depending on the electronegativity

of the moiety exposed to the metal electrode, injection yields could be modified.

Record power conversion efficiencies of 0.11% were achieved by SAM optimization.

• A large-scale, spectrally-tuneable and efficient, sensing platform.

Prior to this thesis, one of the major roadblocks to make hot-electron optoelec-

tronic devices deployable, was the lack of a platform that, while being compatible

with large-scale manufacturing processes, would give access to the high degree

of spectral tunabillity endowed by plasmonic nanostructures. In chapter 5 we

introduced a quasi-3D plasmonic crystal photodetector, where the spectral re-

sponse can be finely tuned across the visible-near infrared spectrum by modifying

the crystal’s structural parameters. Unlike other tunable hot-electron devices re-

ported to-date, whose fabrication relied on costly and low-throughput fabrication

processes, we employ soft-nanoimprinting lithography: a technique already com-

patible with industrial standardized roll-to-roll manufacturing. We found that

the spectral response in these plasmonic crystal detectors, is determined by the

interplay between localized and surface plasmon modes. Design routes to tailor

it has been also presented. The use of this architecture is not only advantageous
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fabrication-wise, but also resulted in a significant leap in performance: under

the proper operating conditions, PC devices showed record responsivities for this

technology up to 70 mA/W.

To conclude, we expect the work presented here to mean a significant step forward

towards a new generation of devices that, with enhanced functionalities beyond classical

semiconductors, will be useful for optoelectronic applications.
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A
Materials and methods

Inorganically passivated hot-electron devices

Flat references: flat reference samples were built in order to minimize surface

roughness that would give rise to plasmonic coupling. ITO-coated glass substrates

were purchased from Stuttgart University and cleaned before use with acetone, ethanol,

and DI water, each in sequence sonicating for 10 min. Flat devices were fabricated by

the ALD of 50 nm of TiO2 over the as-prepared ITO substrates.TiO2 coatings were

fabricated from water and titanium isopropoxide; valves were set to 0.015 and 0.065s,

respectively, followed by 10 s pump time (0.025Åper cycle). The deposition chamber

temperature was held at 200 ◦.

Textured samples: FTO-coated glass substrates were purchased from Xop Fisica

and cleaned manually with DI-water and soap, and subsequently in acetone, ethanol and

DI water baths under sonication. TiO2 films were deposited on top of FTO substrates:

briefly, a solution of a commercial TiO2 paste (90T-Dyesol) was prepared in ethanol by

diluting it at a 1:2.5 w/w concentration. The mixture was sonicated for 1h before use
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to improve phase uniformity. Films were spin casted at 3000 rpm. by fully covering the

substrate prior to rotation. Samples were gradually heated from 120◦to 200◦(30 min)

and left at 500◦for 1 hour. Once the substrates cooled down they were inmersed in a

span of 20mM solution of TiCl4-DI water at 75◦for 30 min for densification. Samples

were cleaned with DI water and heated up to 500◦for 1h. Substrates were stored in

ambient conditions before use.

Alumina deposition: Al2O3 was deposited by atomic layer deposition (Savannah

200, Cambridge Nanotech). Water and trimethylaluminium were used as precursors of

Al2O3 with open valve times of 0.05 and 0.10 s, respectively, followed by 65 s pump

time (1.1Åper cycle). The chamber was kept at 150◦during the deposition process. All

TiO2 substrates were heated at 120◦for 30 min to remove moisture traces prior to

ALD.

Electrode deposition: 300 nm of metal were deposited on a Kurt J. Lesker Nano

36 system at a rate of 0.5Å/s for the first 30 nm, and 1.5Å/s for the remaining 250

nm, at a base pressure lower than 2 ·106 mbar. Metal thickness was controlled together

with the deposition rate with a quartz crystal. A 200 nm thick ITO film was deposited

by DC magnetron sputtering (AJA International Orion 8) at room temperature. The

sputtering was carried out at 60W DC-power and at a working pressure of 2 mTorr in

a 5% oxygen-argon atmosphere. A shadow mask with 2 mm diameter circles was used

to define the are of the contact pads.

Hot-electron devices with SAM interfaces

TiO2 substrates: textured and flat substrates were fabricated in a fashion already

described for alumina passivated devices in the previous section.

SAM functionalization: TiO2 substrates were incubated for 24h in solutions of

the different molecules in toluene. All substrates were annealed at 200◦for 30 minutes

prior to incubation to remove traces of moisture. The concentration was kept constant

for all molecules at 0.2M when possible, otherwise limited by the saturation solubility

of each compound. Incubation baths were stirred periodically before sample cleaning.

TiO2 functionalized substrates were cleaned by vigorously rinsing them in toluene to

remove ungrafted molecules. Reincubation and cleaning processes were repeated for 3

times to ensure monolayer coverage.
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SAM characterization: after incubation, the presence of the SAMs was assessed by

FTIR spectroscopy (Agilent FTIR spectrometer 660 attached to an optical microscope

and through a 15X Cassegrain objective). Prior to that, samples were kept in a vacuum

chamber for 30’ at a 1 · 10−6 mbar base pressure to reproduce pre-electrode deposition

conditions. After electrode deposition the vibrational signatures of the SAM were

acquired with a Renishaw inVia Raman microscope. Samples were illuminated with a

532-nm laser excitation from the FTO side and confocally focused on the TiO2-metal

interface; the measured Raman spectrum had a range from 100 to 5000 cm1, with

a resolution of 0.6 cm1. The integrity of the SAM after metal deposition was also

corroborated with ATR-FTIR measurements over a thin, 3 nm Ag layer

Electrode deposition: 200-300 nm of silver were deposited on a Kurt J. Lesker

Nano 36 system. The evaporation conditions were critical so as to avoid junction

damage, which would lead to short-circuited or unpassivated devices. The chamber

base pressure was kept lower than 1 ·10−6 mbar for all evaporations. A low evaporation

rate was required for at least the first 40 nm (always bellow 0.3 Å/s) after which it

could be increased up to 1Å/s for the remaining thickness. The chamber temperature

was monitored and kept always bellow 50◦as otherwise device performance started

to deteriorate. The final thickness and deposition rates were controlled with a quartz

crystal sensor. A shadow mask with 2 mm diameter circles was used to define the

contact pads area.

Molecule modelling and dipole moment calculations: all molecules coordi-

nates were retrieved from the HIC-Up online database (Uppsala University, http:

//xray.bmc.uu.se/hicup/). Their geometries were subsequently optimized with a

Broyden-Fletcher-Goldfarb-Shanno algorithm and dipole moments calculated theoreti-

cally using AM1 parametrization with the semi-empirical quantum chemistry program

Arguslab (http://www.arguslab.com/).

Hot-Carrier Plasmonic Crystal Photodetectors

NIL procedure: nanostructured electrodes were fabricated by nano-imprinting lithog-

raphy. A polydimethylsiloxane mold (PDMS, 10:1 Sylgard 184), replicating a square

array pattern from a silicon wafer (AMO gratings), was used as “printing stamp”. A UV

photocurable epoxy (SU8, Microchem), was spin-cast on top of ITO-coated substrates

(Stuttgart University) to make 500 nm thick films. Samples were ethanol-wetted and

imprinted with the PDMS stamp. Patterned resists were UV cured after imprinting to

http://xray.bmc.uu.se/hicup/
http://xray.bmc.uu.se/hicup/
http://www.arguslab.com/
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improve its mechanical stability (λ = 360 nm, 15 min), through a spatial mask defining

squared imprinted regions of 9 mm2. Once the resists are exposed and developed, 40

nm of ITO are sputtered onto the substrates using an AJA sputtering system without

masking, so the sputtered ITO is electrically connected to the commercial ITO coated

substrate. Finally, a 90 min annealing step at 200◦Cis carried out under inert atmo-

sphere to improve the conductivity of ITO. 60-80 nm of TiO2 and 0.5 nm of Al2O3

were deposited by atomic layer deposition as previously described. 200 nm of gold were

deposited on a Kurt J. Lesker Nano 36 Systemat a rate of 0.5 Ås–1 for the first 30 nm

and 1.5 Ås–1 for the remaining 250 nm. The base pressure was lower than 2 · 106 mbar.

The whole fabrication process is sketched for clarity in Figure 5.1.

FDTD simulations

Material modelling: the optical properties of the different materials used in the

simulations were described as follows:

• Glass substrate: dielectric medium with constant n = 1.425

• SU8 resist was modelled by a dielectric medium with constant n = 1.6

• ITO (non absorbing): constant n = 1.8

• ITO (absorbing): the complex refractive index was extracted from the total

absorption (as measured with a Cary-Varian spectrometer with an integrating

sphere attachment). The absorption coefficient allows for the straightforward

calculation of the refractive index imaginary part (α = 4πκ/λ). Since the complex

function n = nr + iκ is analytical, it has to satisfy Kramers-Kronig equations.

This allows for the determination of the ITO complex refractive index used along

the simulations. The obtained values were fitted accordingly with Lumerical

built-in multi-coefficient model.

• The ALD deposited TiO2 was was modelled by a dielectric medium with constant

n = 2.1.

• Au complex refractive index was taken from Lumerical database, corresponding

to Johnson and Christy [181]. The experimental data was then fitted accordingly

with Lumerical built-in multi-coefficient model.

Simulation parameters: The structure was simulated by using symmetric and anti-

symmetric boundary conditions in the x− y directions, and perfectly matching layers

in the z-direction in such a way a unit cell of the plasmonic crystal was reproduced.
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Figure A.1: ITO absorption and optical properties. (a) Absorption, (b) real
part and (c) imaginary part of the complex refractive index.

A x-polarized plane wave source was employed to excite the structure. 3D monitors

were used to record both the electric field and complex index of refraction at every

coordinate of interest; these data were later used to calculate the absorbed power within

the Au structure. Auto shut-off conditions guaranteed that the energy in the unit cell

decreased 50 dB from initial excitation state. An override mesh of 1 nm was forced

within the Au metal. Conformal-variant 2 solver was employed for FDTD calculations.

Angle dependent illumination was achieved by the modification of the angle of the

incident plane wave in conjunction with Bloch boundary conditions with at least 128

PML layers to avoid artificial back-reflections.

Material characterization

Atomic-Force-Microscopy: atomic force microscopy (AFM) studies were carried

out using a Vecco Dimension 3100 system in tapping mode.

Absorption Measurements: total absorption of the films was measured using a

Cary 5000 UVVISNIR spectrophotometer with an integrating sphere attachment. The

size of the samples was 1 in. × 1 in. to match reflection and transmission ports. For

samples in chapter 5, absorption for non-transmitting samples was calculated from

measured reflectance as A = 1 − R, and the Reflectance measured using an Agilent

660 FTIR system attached to a microscope with a 4X objective (NA 0.1) and a spatial

mask.
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Optoelectric characterization

Photovoltaic performance: all device characterization was performed in ambient

conditions. Current-voltage characteristics were recorded using a Keithley 2400 source

meter. Illumination intensity of AM 1.5 was accomplished using a solar simulator

(Newport Oriel Sol3A class AAA). A shadow mask was placed before illuminated

devices so that incident light area matches with the device area.

Capacitance-voltage spectroscopy: capacitance-voltage characteristics were mea-

sured using an Agilent E4980A LCR meter, with an AC signal modulation of 1 kHz

and 50 mV amplitude.

External-Quantum-Efficiency: for the spectral characterization, devices were il-

luminated by a Newport Cornerstone 260 monochromator modulated with a 20 Hz

chopper and the short circuit current was measured with a Stanford Research System

SR830 Lock-In amplifier. This was done by either (i) monitoring the voltage drop

through an in series resistor of 500Ω while fixing the operating conditions with a Keith-

ley 2400, or (ii) directly measuring in current mode when possible. Lock-in integration

time and filter slope rate were set respectively to 1s and 24dB/oct. To avoid impedance

mismatches, the obtained spectra were normalized to the responsivities measured under

406 nm laser illumination with a frequency of 50-100 mHz and a power density of 2

mW/cm2 (Keithley 2636 source meter). For devices in chapter 5, a more sophisticated

method in order to discard noise traces was used. At every wavelength 200 consecutive

measurements were recorded, and obtained the average and standard deviation. A

threshold was set to the standard deviation of the monitored phase, so that deviations

in excess of 2◦were considered out-of-phase and attributed to noise.

Responsivity as a function of bias (chapter 5): responsivity measurements with

respect to bias were taken under a 635 nm laser illumination with a frequency of 100

mHz and a power density of 3 mW/cm2. The current was measured with a Keithley

2636 source meter. Short-pulsed illumination was achieved with a 4-channel Thorlabs

laser controlled by an Agilent 33220A waveform generator, or alternatively with a

NKT Photonics supercontinuum laser source and recorded with an Agilent B1500A

semiconductor parameter analizer.
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Responsivity as a function of irradiance (chapter 5): the photocurrent-power

dependence was acquired at short-circuit conditions with a Stanford Research System

SR830 under 635 nm diode laser illumination from Newport (LQA635-08C) controlled

by an Agilent 33220A waveform generator.
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B
Tunnelling Mechanisms in MIS Junctions

In this appendix we present the analytic dependence of the main tunnelling currents

in MIS systems, previously introduced in chapter 3 and depicted in Figure 3.11.

Fowler-Nordheim tunnelling

Fowler-Nordheim (FN) tunnelling, also referred to as field emission, is the electron

tunnelling through a potential barrier under the presence of an intense electric field

(typically on the order of 10 MeV/cm). It is characterized by a triangular barrier shape

in the region where electrons tunnel (see Figure 3.11). The current density is given

by [171],

JFN =
q3m0

4m⊥~φ0
|Eb|2 exp

(
−4
√

2m⊥φ30
3q~|Eb|

)
(B.1)
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where m⊥ is the electron (hole) mass in the oxide (in the direction of propagation),

m0 the free electron mass, ~ the modified Plank constant, q the elementary charge, φ0

the potential barrier height carriers need to tunnel through and Eb the electric field

across the barrier. Taking into account that |Eb| ' V/d, plots of ln J/V 2 vs. 1/V (the

so-called Fowler-Nordheim plot) and ln J vs. d should be linear.

Direct tunnelling

This case corresponds to the tunnelling of carriers through the energy interval below

the triangular region. Different models exist to account for the complex trapezoidal

barrier when there is a significant field through the insulator. In the case of a pure

rectangular barrier expressions are highly simplified,

JDT =
4πqm⊥
h3

∫ ∞
0

exp

(
−2d

√
2m⊥(E − qφ0)

~2

)
dE (B.2)

In all cases the dependence with −d is exponential.

Trap-assisted tunneling

Trap-assisted tunnelling (TAT) consists of trap-mediated carrier injection through the

insulator. TAT is a two-step process where electrons tunnel first into a trap state, and

subsequently to another trap to eventually reach the conduction band of the insulator

or the semiconductor. TAT processes can be elastic or inelastic depending on whether

or not they undergo energy loss by phonon interaction. Different TAT models exist

that account for different barrier profiles and trap-to-trap injection.

Hopping conduction

This conduction mechanism describes thermally activated electron transport between

one or more sites. It is an incoherent process and follows the Arrhenius relation with

temperature,
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JH ∝ |Eb|
∏
i

exp (−∆Ea,i/kT ) (B.3)

where Ea,i the activation energy of a particular site i. This tunnelling mechanism is

usually related to inelastic TAT through a series of trap sites within the insulator

barrier.

Poole-Frenkel tunnelling

Is a TAT process relying on interstitial hopping between insulator traps. In this picture,

traps behave as potential wells with an electric field dependent depth. Injected carriers

undergo field-enhanced thermal motion until they reach the conduction band of the

semiconductor. It can be described by a drift current with a carrier density that depends

on the depth of the traps as,

JPF = qn0µE exp

{
(− q

kT
)

(
φa −

√
qV

dπε

)}
(B.4)

A ln JPF vs. 1/T , ln JPF /V vs. V 1/2 and ln JPF vs. d1/2 should be linear.

Schottky-like emission

In a similar way electrons are emitted in metal-semiconductor junctions (the so called

thermionic emission), thermally excited electrons can be emitted across the metal-

insulator barrier contributing to carrier transport (Figure 3.11). The general theory for

thermionic emission was developed by Bethe [182]. In this model, the barrier profile does

not affect injection, which is solely determined by the barrier height. The associated

thermionic current can be derived as,
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J = A∗T 2 exp

(
− qφ
kT

)
(B.5)

where A∗ is the material dependent Richardson constant. If image-field effects are

included:

∆φb =

√
q|E|
4πε

(B.6)

where E is the applied field, and ε the permittivity of the insulator layer. By taking

into account that V = |E|/d,

J = A∗T 2 exp

(
− qφ
kT

)
exp

(
V 1/2q3/2

2kTε1/2d1/2

)
(B.7)

Therefore, plots of ln J/T 2 vs. 1/T , ln J vs. V 1/2 and ln J vs. d1/2 should be lin-

ear.



C
Analytical Model for Hot-Electron Injection

In this appendix we develop an analytical model to describe plasmonic hot electron

injection as a function of plasmonic excitation and barrier configuration. The descrip-

tion of the junction is shown in Figure C.1 together with the main model parameters.

Before electrical contact

Prior to electrical contact the relevant material properties are:

• Metal: Fermi energy (EF ).

• Insulator: electron affinity (χins) and thickness (d).

• Semiconductor: electron affinity (χsc), Fermi level (EF,sc), bandgap Eg, carrier

concentration (Nd), permittivity (εs) and thickness (ts). Surface trap states are

henceforth omitted.
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Figure C.1: Barrier modelling and hot electron injection. (a) Before contact
materials can be characterized by their bulk electronic and geometric properties. (b)
Situation after contact, once in thermal equilibrium.

After electrical contact

Once in contact, charges redistribute until equilibrium is reached (panel b). The re-

sulting MIS junction is characterized by the next parameters:

• Barrier height (φMI), dictated by the difference in χins and EF .

• Voltage drop across the insulator (V0,ins − rVa). It corresponds to the drop

at thermal equilibrium minus the drop with applied voltage. The factor r is

calculated from the relative resistance of the insulator and semiconductor.

• Voltage drop across the semiconductor (V0,sc − (1 − r)Va), it corresponds to

the drop at thermal equilibrium minus the drop with applied voltage, which is

complementary to the one falling at the insulator.

• Depletion width (W ) in the semiconductor. It can be calculated as,

W =

√
qε0εs(V0,sc − (1− r)Va)

2Nd
. (C.1)

It is a function of the aforementioned parameters and applied bias.

• Barrier profile (d(E)). It determines the distance from the metal-insulator plane

to a conduction band state in the semiconductor. It also depends on the applied

bias.



99 Appendix C: Modelling Hot-Electron Injection

Hot-electron population

Once illuminated, light impinging into the metal can be absorbed, transmitted or

reflected. As described in chapter 2, metal absorption can take place via interband or

intraband transitions, or through plasmon excitation. Excited plasmons can loss their

energy by promoting electrons within the conduction band. The generated hot-electron

population has a complex functional density f(E, t, r) that depends on time, energy,

geometry and position. Calculations for f have been reported through quantum density

functional theory calculations (QDFT) or semi-classical descriptions for simplified

geometries [65, 170,176]; for more complex structures it is instead often approximated

by more manageable analytical expressions:

• Dirac-like: in this approximation all electrons are concentrated at ~ω above the

metal Fermi level. This assumption has been considered in some theoretical

models [118]. The probability function is defined here as,

f(E) = δ(E − ~ωp) (C.2)

• Uniform: the excited hot-electron population will span across EF and EF + ~ωp.
Other models rely on this assumption [101]. Its analytical expression,

f(E) =

1/~ω if E ∈ [EF , EF + ~ωp]

0 elsewhere
(C.3)

Although overlooking some aspects of plasmonic hot-electron generation, such as the

influence of metal topology [163], they can be used to qualitatively describe the main

physics behind hot-electron generation and help describe its collection [101]. We have

therefore relied on this approximation. The total density of generated electrons is

obtained by combining the occupation probability f(E) with the density of available

states g(E):
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n(E) = g(E)f(E) (C.4)

The hot-electron injection mechanism is typically described in a three-steps pro-

cess [67]:

Step 1: from the metal to the interface

As discussed in chapter 6, different approaches exist to describe electron transport from

the metal bulk to the interface. The energy-loss travelling electrons might undergo

during that process, is reflected by an emission cone that effectively limits the amount

of electrons with enough energy to abandon the metal. For this step we consider an

emission cone defined by the mean-free-path and decay length that we have introduced

in chapter 6.

Step 2: tunnelling probability

The transmission probability (p2(E)) can be calculated by solving the Schrödinger

equation for a given barrier profile d(E, Va). Solutions are often obtained by employing

the Wentzel-Kramers-Brillouin (WKB) approximation. The tunnelling for an arbitrary

shaped barrier can be solved as,

p2(E, V ) = exp−2

√
8π2m

h2

∫ d(E,V )

0

√
E − E(x)dx (C.5)

where m is the electron mass and Ei the energy of a particular tunneling state. In the

case of a triangular barrier it can be solved as,

p2(E, V ) = exp−4

3

√
2m

~
(E − φMI)

3/2

qF
(C.6)
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where F is the electric field across the insulator, that can be calculated as,

F =
V0,ins − rVa

d
(C.7)

Fitting

The model introduced along this appendix has been used to fit the experimental respon-

sivity of the plasmonic crystal photodetector shown in section 5.4. Obtained injection

values approach unity under reverse bias conditions. Curves have been scaled according

to the responsivity in saturation. Fitting values have been taken from the employed

materials and device configuration, as listed in table C.1. Hot-electron population,

barrier profile, tunnelling probability and injected carriers are illustrated in Figure C.2

for single point calculations (λ = 640 nm) under 0V, -2V, and -4V reverse bias. A

2D-sweep along wavelength and bias is shown in Figure C.3, where the shift in onset

and saturation voltages can be clearly appreciated.

Table C.1: Fitting parameters to model hot-electron injection.

Material parameters

EF -5.1 eV

χins -2.6 eV

dins 0.6 nm

χsc -4.1 eV

EF,sc -4.3 eV

Eg 3.2 eV

Nd 7 · 1014 cm–3

εs 30

ts 60 nm

T 293 K
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Figure C.2: Calculation of hot-electron injection for different biases. From
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Figure C.3: 2D map of hot-electron injection as a function of wavelength and
reverse bias.
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