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Starting a new journey scares us,
but after each step we realize
how dangerous it was standing still.

— Roberto Benigni
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Abstract

Semiconductor nanowires (NWs) are filamentary crystals with the diameter ranging from few
tens up to few hundreds of nanometers. In the last 20 years, they have been intensively studied
for the prospects that their unique quasi-one dimensional shape offers to both fundamental
and applied science. More recently particular attention has been dedicated to use NWs as
building blocks for nano-electronic devices. In this thesis we investigate the electro-optical
properties of NWs in order to put some light on the mechanisms governing the electrical
transport and the light coupling between NWs and metal nanostructures.

We investigate Be and C doping in GaAs NWs synthesized by Molecular Beam Epitaxy (MBE).
We obtain a doping control over a large range of densities and we identify a new in situ
incorporation path. Since strong surface impurity scattering in III-V materials degrade the
electronic performances, we grew NWs passivated with an AlGaAs layer and we investigate
their properties. The NW passivation allows for the increase of the electron mean free path
by a factor of almost 10. In addition, we designed AlGaAs/GaAs modulation doping NWs.
The modulation doping structure allows for the to enhancement of the NW electron mobility
revealing excellent properties for the realization of nano-electronic devices. We calculate the
electron distribution in the modulation doped NWs and we observe a six-fold symmetry with
six 1D electron channels when the carrier concentration is high, while for low concentrations,
electrons are delocalized in the GaAs NW core.

Thanks to their special interaction with light, semiconductor NWs have opened new avenues
in photonics, quantum optics and solar energy harvesting. Here, we design a new system
composed of a NW and an array of nanoantennas. Initially, we successfully demonstrated the
plasmonic coupling between NWs and nanoantennas, observing an electric field enhancement
in the NW as a function of the nanoantenna’s gap distance. This finding represented an
initial step toward the development of coupled nano-structures for the realization of a new
generation of solar cells, detectors and non linear optical devices. Near field coupling was also
used between a NW and Yagi-Uda antennas to obtain directional emission. In particular the
precise tuning of the Yagi-Uda dimensions and positions leads a strong variation of the NW
emission, being able to change this from backward to forward.

One of the major challenges for NWs full technological deployment has been their strong
polarization dependence in light absorption and emission. Here, we demonstrate that a
hybrid structure formed by GaAs NWs with a highly dense array of bow-tie antennas is able
to modify the polarization response of a NW. As a result, the increase in light absorption for
transverse polarized light changes the NW polarization response, including the inversion of
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the polarization response. We calculated that the absorption of transverse polarized light can
be enhanced up to 15 times. We also fabricate several electrical devices proving our calculated
predictions.

Keywords:

GaAs nanowires, doping, plasmonic, nanoantenna, modulation doping, mobility, transistors,
absorption and light interaction.
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Riassunto

I nanofili semiconduttori sono filamenti di cristallo con un diametro che varia da decine
a centinaia di nanometri. Negli ultimi 20 anni, sono stati studiati estensivamente per via
della loro forma quasi uno-dimensionale che offre prospettive per la scienza fondamentale e
applicata. Recentemente e stata dedicata una particolare attenzione all’'uso di nanofili come
parti fondamentali di nano-dispositivi elettronici. In questa tesi investighiamo le proprieta
ottiche ed elettriche dei nanofili in modo da gettare un po’ di luce sui mecchanismi che
governano il trasporto elettrico e I'interazione della luce fra nanofilo e strutture metalliche.

Abbiamo investigato il dograggio ottenuto con Be e C nei nanofili di GaAs sintetizzati con I'epi-
tassia da fasci molecolari. Abbiamo ottenuto un controllo del dograggio per un’ampia gamma
di concentrazioni e abbiamo identificato una nuova via per I'incorporazione del drogaggio
in situ. La forte dispersione sulla superficie dovuta alle impurita, degrada le prestazioni dei
materiali I1I-V. Per questo abbiamo gresciuto nanofili con uno strato di AlGaAs per rendere
passiva la superficie e ne abbiamo studiate le proprieta. La passivazione dei nanofili permette
di aumentare di un fattore 10 il libero cammino medio degli elettroni. In aggiunta abbia-
mo progettato nanofili di AlGaAs/GaAs con drogaggio modulato. Questa struttura permette
di aumentare la mobilita degli elettroni nel nanofilo mostrando proprieta eccellenti per la
realizzazione di nano-dispositivi elettronici. Abbiamo calcolato la distribuzione elettroni-
ca nei nanofili con drogaggio modulato e abbiamo osservato: ad alte concentrazioni, una
geometria a sei simmetrie con canali uno-dimensionali, mentre a basse concentrazioni, una
delocalizzazione degli elettroni nel nucleo del nanofilo.

Grazie alla loro speciale interazione con la luce, i nanofili semiconduttori hanno aperto
nuove strade nel capo della fotonica, ottica quantistica e produzione di energia solare. Qui,
abbiamo progettato, un nuovo sistema formato da un nanofilo e una matrice di nano-antenne.
Inizialmente, abbiamo dimostrato con successo I’accoppiamento plasmonico fra il nano-filo
e le nano-antenne, riportando un aumento del campo elettrico nel nanofilo in fuzione alla
distanza delle nano-antenne. Questa scopera rappresenta il primo passo verso lo sviluppo di
una nano-struttura accoppiata per la realizzazione di una nuova generazione di celle solari,
rivelatori e dispositivi non-lineari. Inoltre abbiamo utilizzato I'accoppiamento del campo
vicino fra un nanofilo e antenne Yagi-Uda per generare emissione direzionale. In particolare
il preciso controllo delle dimensioni e della posizione delle antenne Yagi-Uda, provoca una
forte variazione nell’emissione del nanofilo, da una direzione all’altra.

Una delle pit grandi sfide nell’utilizzo tecnologico dei nanofili & stata la loro forte dipendenza
dalla polarizzazione della luce sia in assorbimento che in emissione. Qui dimostriamo che
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una struttura ibrida formata da un nano-filo e da una matrice densa di antenne bow-tie &
in grado di modificare la dipendenza alla polarizzazione del nanofilo. Come risulato, I'au-
mento dell’assorbimento della luce per una polarizzazione transversale cambia la risposta
alla polarizzazione del nano-filo. Abbiamo calcolato che ’assorbimento della luce trasversale
puo aumentare fino a 15 volte. Abbiamo anche realizzato numerosi dispositivi elettrici che

validano le nostre previsioni teoriche.

Parole chiave:
GaAs nanofili, drogaggio, modulazione drogaggio, plasmonica, nanoantenna, mobilita, transi-
stori, assorbimento e interazione della luce.
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|§ Introduction

This thesis is dedicated to the study of GaAs nanowires opto-electrical properties for the
realization of technological devices. Several aspects have been analyzed suck as the doping
mechanisms, the surface states, the light interaction and the coupling with optical nanoanten-
nas.

In the first part of this introductory chapter are presented some historical facts of technological
down-scaling of devices and integrated circuits. We introduce the advantages in having III-V
materials and the main issues related to the III-V integration on Si. Then, semiconductor
nanowires are presented as the best platforms to investigate new nanoscale physical properties
and the best building blocks for new technological devices. In the second part of the chapter
we define the scope and the overview of the thesis. Here we introduce the opto-electrical prop-
erties of GaAs nanowires that are discussed in the following chapters: the doping mechanism,
the surface states effects, the light interaction and the coupling with optical nanoantennas.



Chapter 1. Introduction

1.1 Towards the nanoscale

In 1947 at Bell Lab J. Bardeen, W. Brattain and W. Shockley invented the bipolar transistor.
This revealed to be the most important invention of the century, giving official birth to the
electronic industry. In 1956 the Nobel Price was given to the three American physicists for
their contribution on semiconductor materials and for the discovery of the transistor effect.
In the same period (1950) another invention was intended to revolutionize the electronic
industry: the integrated circuits. This discovery was performed by Jack Kilby, who devised a
way to assemble all the components of a circuit (resistor, transistor, capacitors, etc) on the
same die. This idea was the initial step that brought the electrical technology to develop by
improving performances, reducing the costs and it begins the age of the micro-technology.

For four decades the micro-technology experienced an explosive growth. Integrated circuits
became more and more powerful and complex. Silicon is the semiconducting material mostly
used in the fabrication of transistor and other active electronic components and the field
developed at the point that the last hystorical period is also indicated as the age of silicon.
In 1965 Gordon E. Moore, confounder of Intel observed that the number of transistors in a
dense integrated circuit doubles approximately every two years. His prediction was proved
to be accurate for several decades, and his law was used in the semiconductor industry to
guide long-term planning and to set targets for research and development. This possibility
to concentrate more and more components in an integrated circuit brought at two main
consequences: the reduction of the costs and the reduction of the sizes. This down scaling has
been the driving force in the development of more advanced microelectronic devices. Indeed,
the down-scaling brought significant advantages also in decreasing the consumption power
and increasing the circuit speed. In 1959 the Nobel Price Richard Feynman proposed to shrink
the electrical components to their physical limit and he pronounced his famous sentence
"there is plenty of space at the bottom". In recent years the microelectronic industry reached
this limit, pushing the components sizes to the nanoscale.

In the last years the miniaturization has decreased considerably. The difficulties and the
costs to further reduce the size are combined with the apparition of new physical properties
peculiar to the nanoscale systems. In particular when the size reduces to the nanometer
scale, surface effects, quantum confinements, electrical band alignment, light interaction
etc... can be profoundly modified respect to the bulk material counterpart. The scope of
this thesis is to characterize GaAs nanowires. They are ideal candidates as building block of
future technological devices and in addition to this promising role they constitute an ideal
platform for: (i) investigate new physics effects, mostly related to surface and interfaces
properties, (ii) study the physics associated to quantum confinement and small dimensions,
(iii) create materials with properties (crystalline structure, electrical bands, stress relaxation
etc.) different from the bulk materials, (iv) reaching complex architecture and combine
material with different lattice parameters.



1.2. III-V materials

1.2 1III-V materials

The reduction in size is leading to better performances in integrated circuits, but it is not
the only way to improve the devices electronic properties. Electrical devices can be faster
if realized with materials with high mobility and devices for absorbing and emitting light
would largely benefit from active materials with direct band-gap. For these reasons modern
opto-electronics has also turned the attention to III-V compound semiconductors.

III-V compounds are formed by elements from the III group in the Mendeleev table (like: Al,
Ga and In) and elements from the V group (like N, B As and Sb). The most common materials
are GaAs, InAs, GaP, AlAs and InP, which show a one to one stoichiometry. Many of the III-
V compounds have high mobility due to the carrier effective masses lighter than those in
silicon. Some of them present a direct band-gap and they have a range of spectral absorption
covering a wide part of the solar spectrum. These peculiar characteristics are optimal for opto-
electronic devices and make III-V ideal materials for applications like lasers, light-emitting
diodes (LED), detectors, optical systems and photovoltaics. For this last application the world
record efficiency is today obtained with a III-V multi-junction solar cell.

A big advantage in the nowadays technology would be the integration of III-V materials with
silicon. This would lead to the combination of the mature, consolidated and world-wide
spread platform (Si platform) with the advantageous optical and electric properties of I1I-V
materials. Unfortunately their combination presents challenging issues for a monolithic
integration. The most important is probably the lattice mismatch. The lattice constant of GaAs
is agaas = 5.65 A while the one of Si is as; 5.43 A. The lattice constants of other IV and III-V
semiconductors are shown in figure 1.1.

Band Gap (eV)

1 1 1 ] 1 1 1
54 5.6 5.8 6.0 6.2 6.4 6.6
Lattice Constant (Angstroms)

Figure 1.1: Band-gaps of group V and the mayor III-V bynary semiconductor materials as
function of the cubic lattice parameter. In open access from [1].

The lattice mismatch is the major responsible of the formation of cracks and defects at the



Chapter 1. Introduction

interface between the two materials. The lattice mismatch is associated with a strain which
need to be relaxed in order to have a defect free junction. This happens when the mismatch is
accommodated by the elastic deformation of the lattice. This process is particular important
in nanostructures where this lattice deformation can quickly reach the surface and be fully
relaxed. If the strain energy cannot be completely relaxed the mismatch is accommodated
with the formation of dislocations at the interface. Different materials can also have large
differences in thermal expansion coefficient. The mismatch of GaAs and Si is 60 % at room
temperature. This mismatch causes thermal stress and can lead to the distortion of the
crystalline lattice and subsequent the degradation of material optical properties and the
formation of bending and cracks. Finally, silicon and GaAs have similar crystalline structure
(fcc), but silicon is a non polar material (both sublattices are occupied by the same atom),
while GaAs is a polar material (the two fcc lattices have different atoms, one id occupied by Ga
atoms and the other by Ga atoms). The coexistence of areas with As atoms and Ga atoms at the
Si-GaAs interface leads to the formation of As-As and Ga-Ga bonds that should be avoided in
order to preserve the device performances. Some of these effects can be minimize by growing
III-V nanostructures on a Silicon platform.

1.3 III-V nanostructures on Silicon

If the III-V compound semiconductors are in form of nanostructures, the lattice and thermal
mismatch can be overcome. This is thanks to the reduced contact area with the silicon sub-
strate and the small nanostructures dimensions that allow to elastically relaxed the crystalline
lattice at the interfaces. Due to the presence of a moderate strain the formation of disloca-
tions and defects at the interface between the two materials can be reduced or eliminated.
Moreover, the single event nucleation of III-V nanostructure on Si drastically reduces the
probability of Ga-Ga and As-As bonds at the interface. For their opto-electrical properties and
the adaptability to be integrated on Si, III-V nanostructures hold the promise to be building
blocks of future opto-electronics devices. The first step for their integration on Si is the need to
synthesize them in a reproducible way, with a control in morphology, composition, crystalline
structure and dimensions. Indeed, size and crystalline structure strongly affect the material
band structure and therefore its electronic properties. Defects like twins or stacking faults
reduce the electron mobility and introduce recombination centers and deep traps. Finally, the
control on the composition is important for the realization of heterostructure, the engineering
of the semiconductor bandgap (i.e. the Al,Ga;_,As bandgap depends on the Al percentage
x) and the control of the doping. Much progress have been done in the last years both in the
III-V integration on Si and in the engineering nano-devices with superior performances. The
most promising nanostructure blocks are the nanowires.



1.4. Nanowires

1.4 Nanowires

Nanowires (NWs) are filamentary crystals with diameters ranging from few tens up to few
hundred nanometers with an aspect ratio of at least 10. They can be made of different
materials, including insulators (e.g. SiO»,Ti0,), semiconductors (e.g. Si, Ge, GaAs, InAs, InSb,
ZnO0) and metals (e.g. Ag ,Au, Ni). The synthesis of high aspect ratio crystals was performed by
Wagner and Ellis in 1964 [2] and almost 30 years later, in the early 90s, the topic was recovered
by the Hitachi group [3]. This research group in Japan reported on growth of InAs and GaAs
whiskers with diameters of only a few tens of nanometers. With a clear vision, they identified
the change of the crystal structure in the whiskers from zinc-blende to wurtzite, pointed out
the importance of the surface passivation of the NWs and demonstrated for the first time
a functional NW device: a light emission from a p-n junction NW [4]. These results have
triggered the attention of several research groups and in a short time period the field of NWs
has become one of the attractive topics in low-dimensional semiconductor physics, attracting
more and more research groups worldwide and resulting in a constantly increasing number of
publications over the years. Figure 1.2 shows the number of papers published each year for
the last 20 years found in WEB of Science searching for "Nanowires".

Number of papers published per year in the nanowire field. 1535015749

125 200 312 49

60 111

24

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 1.2: Number of papers published per year in the NW field. The data are obtained for
"Nanowires" as topic in "'WEB of Science’.

A large variety of materials, from metals to semiconductor has already been synthesized
in the form of nanowires through several growth mechanisms and fabrication techniques.
The most common fabrication techniques are the Molecular Beam Epitaxy (MBE), the Metal
Organic Vapor-Phase Epitaxy (MOVPE), the Chemical Beam Epitaxy (CBE), the Chemical
Vapor Deposition (CVD) and the Laser Ablation (LA). In this thesis MBE is used to grow GaAs
nanowires on Si substrate. MBE has the advantage to be extremely clean and it allows to
produce ultrapure structures with very high crystalline quality.

NWs constitute an elegant platform for achieving novel physical properties. The small dimen-
sions, the high quality material, the high surface-volume ratio and the large control in the

5



Chapter 1. Introduction

growth allow us to study and engineer physical phenomena not accessible in bulk materials.
Furthermore, the unique one-dimensional geometry makes NWs ideal candidates for scaling
down the dimensions of opto-electronic devices.

1.4.1 Novel physical properties

NWs have been shown to have the ideal dimensions and properties to support novel phys-
ical properties. For example a signature of Majorana fermions have been found in hybrid
superconductor-semiconductor NWs. This work was published in 2012 from the group of L.
P. Kouwenhoven and E. Bakkers attracting the interest of the full physics community. NWs
are here represented as the best candidates for the investigation of these particular particles
[5]. Majorana fermions are particles identical to their own antiparticles and they have been
theoretically predicted to exist in topological superconductors. For the first time evidence of
these particles has been experimentally observed in InSb NWs.

From the perspective of materials science these one-dimensional crystals are especially in-
teresting because they allow for the combination of different materials in the form of het-
erostructures. Due to their small diameter, the strain can be relaxed in a more effective manner,
thus enabling the combination of materials with a large lattice mismatch. Consequently,
combinations of materials otherwise not possible in bulk can lead to the development of
different technologies. Particularly interesting is the growth of Ge/Si core/shell NWs which
has been used to create 1D hole gas systems [6] and high performance field-effect transistors
[7]. Strain induced by different lattice parameters and thermal properties offers additional
degrees of freedom for tailoring materials, but often at the expense of dislocation generation,
wafer bowing, and cracks. The group of L. Miglio eliminated these drawbacks by epitaxial
growth of Ge and SiGe crystals onto micrometer-scale tall Si pillars [8]. Faceted crystals were
shown to be strain- and defect-free.

An additional important point is the existence of the wurtzite structure in NWs. While most of
the II1-V bulk materials (arsenides and phosphides) crystallize in a zinc-blende structure, NWs
can crystallize in pure zinc-blende, pure wurtzite or a mixture of both. This gives direct access
to the physical properties of the wurtzite phase. Because the energy position of the band-
gap of the two crystalline structures is different, it is possible to combine these structures to
engineer the band-gap of a material. One of the major challenges toward Si NW based photonic
devices is controlling the electronic band structure of the Si NW to obtain a direct band-gap [9].
Predictions of NW band-gap modification have shown that the band structure modulation with
lattice strain is strongly dependent on the crystal orientation and diameter of Si NWs [10]. In
the case of (100) and (111) Si NWs, tensile strain enhances the direct band-gap characteristic,
whereas compressive strain attenuates it. (110) Si NWs have a different strain dependence
in that both compressive and tensile strain make Si NWs exhibit an indirect band-gap. More
recently, S. Assali et al. demonstrated the conversion of indirect band-gap semiconductors
into direct semiconductors by tailoring the crystal structure [11]. The approach was shown for
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GaP and AIP, and by transferring the crystal structure epitaxially it can be tested for a variety of
other materials.

The possibility to grow core-multi-shell NWs allows for the fabrication of complex heterostruc-
tures with a unique geometry. For example, modulation doping structures can host a high-
mobility electron gas, similarly to high-mobility two-dimensional electron gases (2DEGs), but
wrapped around the core. Due to the prismatic shape of the core and to electron-electron
interaction, in the NW core channel the electron gas will not be uniformly distributed at the
heterointerfaces, but will localize along six quasi-1D channels at the edges of the interface,
to maximize the average electron-electron distance [12]. Depending on the doping density
and, possibly, the applied gate potential, the charge density reshapes between quasi-1D and
quasi-2D distributions and moves between facets and edges localization. This might also have
an impact on the effectiveness of different scattering mechanisms in different regimes. The
first demonstration of such unambiguous 1D- and 2D electron channels and the respective
charge carrier properties in these advanced NW-based quantum heterostructures is presented
in 2013 by S. Funk et al. [13]. With the same core-multi-shell system in 2013 the group of A.
Fontcuberta i Morral demonstrated the self-assembly of a high-quality quantum-dot in NW
using two basic components, GaAs and AlAs. Individual quantum dots are bright and spec-
trally pure emitters of highly anti-bunched light, with non-resonant excitation and positioned
just a few nanometres from the NW surface [14]. This constitute an extremely interesting
platform for both the investigation of quantum dot physical properties and NW applications
as single-photon sources.

1.4.2 Application oriented studies

In strict relation with novel and interesting physical properties come a broad area of applica-
tions based on NW devices. One that has attracted an increasing amount of attention is surely
the solar cell. The new geometrical degree of freedom introduced by the building of radial p-n
junctions gives the possibility of engineering solar cells using less material without sacrificing
efficiency. The first theoretical considerations on this topic were published in 2005 by Atwater
and coworkers [15]. Large light absorption and efficient carrier extraction have been indicated
as requirements for the realization of NW based solar cells. Much progress has been made in
this direction and in 2013 J. Wallentin et al. showed the fabrication of an InP NW array solar
cell achieving an efficiency of 13.8%. This work was aimed to demonstrate that photovoltaics
based on NW arrays could reduce cost and materials consumption compared with planar
devices and exhibit relatively high efficiency of light absorption and carrier collection. The
same year P. Krogstrup et al. demonstrated that an optimal NW p-n junction combined with
optimal light absorption can lead to a solar cell efficiency above the Shockley—Queisser limit.
They showed this by studying photocurrent generation for a single core-shell p—i—n junction
vertical GaAs NW solar cell grown on a silicon substrate [16]. The enhanced light absorption is
shown to be due to a light-concentrating property of the standing NW and the results imply
new limits for the maximum efficiency obtainable with III-V based NW solar cells.
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The development of the fabrication techniques and the possibility of homo and heteroepitaxy
also allowed for the introduction of different NW-based optoelectronic devices. In 2001 Duan
et al. demonstrated that single electrically-contacted InP NWs with a p-n junctions grown
along the NW axis can work as electronic transistors [17]. NWs also proved to be optical
waveguides in which Fabry-Pérot modes gave rise to lasing as reported by Huang et al. in
2001 for zinc oxide (ZnO) NWs [18]. These discoveries led to the demonstration of electrically
driven NW lasersin 2003 [19]. In this field much progress was made and thanks to the NWs’
small dimensions and the large surface to volume ratio, in 2014 Themistoklis et al. built a
plasmonic NW laser with time pulses shorter than 1 ps. These were generated thanks to
surface plasmon polaritons (electromagnetic excitations at metal-dielectric interfaces) on a
7ZnO NW. Spontaneous recombination, gain switching and gain recovery have all been shown
to be accelerated compared with conventional ZnO photonic NW lasers.

One of the main disadvantages in NWs is that the large surface area introduces traps that
can limit the NW’s electrical properties. For this reason NW mean free paths and carrier
mobilities are shown to be reduced in comparison with their bulk counterparts. One of
the most investigated geometries to overcome the surface effects is coating with a wider
band-gap material. GaAs/AlGaAs core shell NWs structures have been shown to present
electron mobilities approaching the bulk limits and carrier lifetime significantly improved
in comparison with single GaAs NWs [20, 13, 21]. This thesis is also contributing to the
investigation of this geometry which is deeply investigated in chapter 4.

NWs have been used also for building high density packed arrays of light emitting diodes,
which could have superior brightness [22, 23] and nanoscale efficient sensors [24, 25, 26]. They
have also been interfaced with living cells [27, 28]. In fact their small diameter can reduce
the invasiveness and the high surface area provides proper cell-NW communication. Finally,
they can be also used as efficient thermoelectric devices, because of the combination of poor
thermal conductivity and good electrical conductivity [29, 30].

1.5 Overview of the thesis

In this thesis, we investigate the electrical and optical properties of GaAs NWs. In chapter 2 we
define all of the fabrication and characterization techniques used in the following chapters.
The device fabrication was performed at EPFL in the Centre of MicroNano Technology (CMi),
the electrical measurements in our laboratory: Laboratory of Semiconductor Materials (LMSC)
and the optical measurements both in LMSC and in Boston University.

In chapter 3 the NWs’ doping mechanism is investigated. Doping is fundamental for the
realization of electronic devices. This characterization is performed with resistance and field
effect measurements on single NWs. The analyzed GaAs NWs are doped with Be and C with
different p-type doping concentrations. In our work we observed that Be diffuses from the
surface shell into the core of the NW. We indicate this as a 'new’ in situ incorporation path
for the doping in addition to the doping incorporation through the droplet and through the
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vapor-solid growth. We, then, show that the NWs are conductive and that we have doping
3

control over a large range of values between 6-10'7 and 2-10'% cm=3.
Because of the large surface-volume ratio, the surface has a dominant role in the NW electrical
properties. In order to avoid the formation of deep traps at the NW surface we grow NWs
with a GaAs-AlGaAs core-shell structure. The hole (majority carriers) mobility, depends on
the doping concentration and on the surface treatment. We surprisingly found that for low
doping, the unpassivated NWs have higher mobilities than the corresponding passivated ones.
We relate this effect to the partial migration of holes from the doped shell into the intrinsic
core where they have higher mobility. To the best of our knowledge, this work is the first
work reporting this unexpected behavior. On the other hand, electron-beam-induced-current
(EBIC) showed that the AlGaAs passivation layer increases the electron (minority carriers)
mean free path by one order of magnitude in comparison with unpassivated NWs, from 20 to
190 nm.

In thin films, modulation doping of structures allows the formation of a 2D electron gas and
devices with electron mobilities higher than bulk materials. In chapter 4 we simulate, with
NextNano, modulation doping structures in NWs. For a high doping concentration, we ob-
serve the creation of a six-fold symmetry with six 1D channels, while for low doping, electrons
are delocalized inside the core. Several geometries are analyzed in order to investigate the
influence of the doping layer on the carrier distribution. We found that a high carrier concen-
tration in the core can be achieved both by increasing the doping and by increasing the doped
layer thickness.

In the last part of the thesis, chapter 5 and 6, we focus on the coupling between gold nanoan-
tennas and NWs. We design an array of nanoantennas around single GaAs NWs and we
investigate the system with dark field scattering and second harmonic generation measure-
ments. Both measurements and calculations show the system coupling and the enhancement
of the NW absorption in the infrared region. Near field coupling is also used to modify the
NW emitted light. In fact, Yagi-Uda antennas have been engineered around a NW in order
to obtain directional emitted light. We then design a NW/bow-tie antennas system in order
to maximize the NW absorption for transverse polarized light and in the visible range. For
the first time we demonstrate the possibility to tune the NW light polarization response. We
also demonstrate an absorption enhancement of 3 times related to the nanoantennas’ effect.
Finally, with this work we show that the NW/nanoantenna platform gives the opportunity to
engineer the light interaction response.






Y4 Fabrication and characterization tech-

niques

Nanowires are filamentary crystals with the diameter in the order of a few to 200 nm. Thanks
to their special geometry and reduced dimensions, they are expected to play an important
role and offer new findings for this century’s technology and basic science.

In this chapter, the growth of semiconductor nanowires via molecular beam epitaxy is intro-
duced, paying particular attention to the vapor liquid solid mechanism of GaAs nanowires.
We extended the explanation of nanowire growth to the fabrication of radial heterostructures.
After this, the principles for the fabrication of nanowire based electrical devices are discussed.
In the last part of the chapter are described the electrical and spectroscopy techniques used in
this thesis. These techniques are particularly developed for characterization at the nanoscale
and provide information both on the physical properties and on the technological perfor-
mances of nanowire based devices.
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2.1 Nanowire growth

NWs are most commonly obtained by the Vapor-Liquid Solid mechanism (VLS), proposed
for the first time by Wagner and Ellis in 1964 [2]. This method described the growth of silicon
whiskers from Si gas phase atoms, in the presence of a liquid gold droplet used as catalyst.
This process is based on the ability of gaseous species to be absorbed in a liquid metal droplet
and precipitate in the solid form underneath leading to the NW growth.

Since the experiment by Wagner and Ellis, gold has been the catalyst most commonly used for
NW growth. Even if it has important advantages for controlling the growth, it introduces deep
levels in Si [31] and in other semiconductor materials like GaAs [32, 33]. In 2008 Fontcuberta et
al. demonstrated the Ga-assisted synthesis of GaAs NWs by Molecular Beam Epitaxy (MBE) on
GaAs substrates [34, 35] and later on Si substrates [36]. In our group we use MBE because it is
favored among other techniques for obtaining very high purity samples thanks to its ultra-high
vacuum conditions, to the absence of chemical precursors and to the extreme purity of the
source materials. The growth of GaAs NWs with MBE on a SiO, layer proceeds as follows.
When Ga and As sources are opened, ad-atoms and molecules reach the substrate where they
can be absorbed. At high temperatures, As molecules will desorb while Ga ad-atoms will diffuse
and form droplets on the substrate. When the Ga droplets reach supersaturation the GaAs NW
growth starts at the droplet/substrate interface. This process is schematically depicted in figure
2.1.

During growth, Ga acts as a liquid reservoir
for GaAs deposition and determines the NW
diameter. For high Ga rate, low V/III beam
equivalent pressure (BEP), the NW diameter
tends to increase over time because Ga accu-
mulates in the droplets and enlarges them. It

is possible to reach a dynamical steady state

by increasing the V/III ratio. This leads to a Figure 2.1: Cartoon of the VLS growth model.

constant droplet size and it turns to a con- On the SiO; layer, the seeds of the GaAs NWs

stant diameter along the wire. If the ratio be-
comes too high, the Ga droplets shrink over
time leading to a tapered geometry [37]. The
complete consumption of the Ga droplets is
necessary to stop the VLS mechanism.

VLS conditions strongly affect the NW crys-
talline structure. The use of a Ga droplet
leads to a prevalent zinc-blende crystal struc-
ture. Several works have analyzed the condi-

nucleate and grow, being continuously fed by
the Ga adatoms that diffuse from the neigh-
boring SiO, surface, and form droplets. The
Ga droplets act as catalyst for the NW growth.
The Ass molecules are then impinging on the
Ga top droplet and after the droplet saturation
they precipitate leading to the GaAs crystalline
growth of the nanowire [35]. Copyright ©2008,
American Physical Society.

tions for which NWs adopt a zinc-blende (ZB) or wurtzite (WZ) structure and how it is possible
to favor one or the other [38]. In many cases it was found that the key elements were the V/III
ratio and the contact angle. In addition to the crystalline structure, the control of the VLS
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mechanism is also fundamental for the NW growth direction [39, 40], the NW density on the
substrate [41, 42] and NW shape [43, 44].

After the VLS growth an additional step can be performed in order to grow a layer around
the existing NWs. The radial growth is realized using conditions of two dimensional epitaxy
and is of fundamental importance in: (i) creating different types of doping necessary for the
realization of solar cells [45, 46, 16], photodetectors [47] or LEDs [48, 49], (ii) passivating the
surface states and confining the electrical carriers to the core in order to improve the electronic
performance [12, 50, 51, 20], (iii) generating quantum wells or quantum dot structures [14, 52]
and (iv) integrating systems with different properties [53, 54]. In our group extensive studies
have been done by M. Heigold and D. Spirkoska [55, 39], in order to find the optimal conditions
for establishing radial growth on the (110) facets of self-catalyzed GaAs NWs. They concluded
that radial growth occurs when the temperature is decreased down to 460°C and the Asy
pressure is increased up to 1.8-107° mbar. By doing this the droplet gets crystallized, with
the following interruption of the axial VLS growth and the diffusion of Ga atoms is suppressed
leading to a more directional deposition.

In order to fabricate opto-electronic devices, dopant atoms need to be incorporated in the
NWs. The more efficient and less invasive way is to incorporate the doping during the NW
growth. In this way, the incorporation paths depends on the NW growth conditions. This topic
will be deeper analyzed in the next chapter.

2.2 Ohmic contacts on GaAs Nanowires

Semiconductor NWs have attracted intense interest because their promise to act as building
blocks in opto-electronic applications. For this to become a reality NW devices require both n-
and p-contacts with very low specific contact resistances. In the electrical contact, the carriers
have to tunnel through the electronic barrier formed at the metal/semiconductor interface.
The barrier height is defined by the metal-semiconductor work function difference. The work
functions ® are shown in figure 2.2.

Whether a given metal-semiconductor junction is an ohmic contact, or Schottky barrier,
depends on the Schottky barrier height, ®p, of the junction. For a sufficiently large barrier
height, where e®p is significantly higher than the thermal energy kT, the semiconductor is
depleted near the metal and behaves as a Schottky barrier. For lower Schottky barrier heights,
the semiconductor is not depleted and instead forms an ohmic contact to the metal. In
addition, the barrier thickness, is inversely proportional to the square root of the doping level
in the semiconductor. When the barrier thickness is small the carriers can tunnel through it,
in this case we have the formation of an ohmic contact. Low-doped semiconductors tend to
have a diode-like I-V characteristic where charge carriers only can flow in one direction. For a
low doped semiconductor, the realization of ohmic contacts is therefore more difficult. In this
section, ohmic contacts on GaAs NWs are analyzed for both p- and n-doping.
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Au-alloys are by far the most used material to make ohmic contacts on GaAs due to their
reliability, excellent contact resistivity, and usefulness over a wide range of doping levels [56].
Many works on ohmic contacts are reported in literature. For p-type GaAs the most used metal
contacts are formed by Ti/Pd/Ti/Au [57] or Pd/Ti/Au [46]. Typical NW contact resistances
can range between 1 KQ for high doping level (> 5-10'® cm™3) to several MQ for doping level
below 108 cm~3 [58].

The fabrication of contacts to p-GaAs is fa-

vored both due to the higher density of states Semiconductor Metal

in the valence band and the lower hole bar-
Vacuum level

rier. Therefore, low-resistive p-contact to
GaAs are reported in NWs. One of the critical Dwetal

. .. . Dsemicond
tasks is the realization and characterization semiconductor

of highly doped n-type GaAs NWs [59]. As E. I(DB

a consequence, the fabrication of low resis-

W Fermi Level
tance n-contacts is more difficult. One of
the first reports on ohmic contacts to n-GaAs
NWs is from Gutsche et al. in 2011 [60]. In E /
Vv

their study they report the fabrication and

characterization of Ge/Au ohmic contactson Figure 2.2:  Band diagram for metal-
semiconductor junction at zero bias (equilib-

rium). Shown is the graphical definition of
the Schottky barrier height, ®p, for an n-type
semiconductor as the difference between the
inter-facial conduction band edge Ec and
Fermi level Er. W represent the junction
of Ge/Ni/Ge/Au annealed at 320°C and with parrier thickness.

Pd/Ge/Au at 280°C. In this last configuration

Pd forms Ga-rich compound during the Pd-GaAs reaction and rapidly and uniformly pene-

GaAs followed by a rapid thermal annealing.
The thermal annealing ensures the Ga out-
diffusion and the Ge in-diffusion required to
obtain good ohmic contacts. The best ohmic
contacts were obtained with a metal stack

trates the inter-facial native oxide leading to a contact resistance of less than 3-10~7 Qcm?.
One shall mention that Au facilitates the out-diffusion of Ga that creates excess numbers of Ga
vacancies into which Ge can diffuse [61]. Because of the small NW volume, at temperatures
higher than 320°C, the increased Ga out diffusion might be very detrimental for the NWs [60].
An example of contacts on n-type GaAs NWs is shown in this thesis in chapter 4.

Particularly challenging is the formation of ohmic contacts on GaAs/AlGaAs core-shell NWs.
The AlGaAs capping layer is an elegant solution to preserve the carriers from the influence of
surface defects without introducing strain due to lattice matching and to engineer modulation
doped structures. Unfortunately since the access to the conductive core is screened by the
insulating AlGaAs shell, the formation of ohmic contacts is demanding. Two approaches are
possible: etching of the AlGaAs shell or using GeAu alloys as metal contact followed by rapid
thermal annealing. In the first approach citric acid/ H> O, is the best candidate to selectively
etch the AlGaAs/GaAs structures [62]. The etch rate and volume ratio between citric acid and
H, 0, are strongly dependent on the Al concentration. This technique has been successfully
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applied in this thesis to contact passivated p-doped NWs [51], observing an etching rate of 1.4
nm/ s for an Als3Gag7 As shell.

The use of AuGe compounds is particularly
necessary for modulation doped structures.
Here the doping sits on the AlGaAs shell
while the carriers are moving into the core.
For this reason the etching of the shell would 0.15

modify the NW electronic properties. Wirths =~ &
et al. in 2012 report on the preparation o

of ohmic contacts on modulation-doped 0.05
GaAs/AlGaAs core-shell NWs by the use of
a contact layer system consisting of 5 nm Ni,
90 nm AuGe of eutectic composition (12 wt.
% Ge), 25 nm Ni, and 100 nm Au [63]. They % (¢ 360 160
systematically varied the annealing time and Figure 2.3: Conductance Gy for a set of NWs for
temperature finding the optimal parameters ~different annealing time ¢, and temperatures
to achieve ohmic contacts in a modulation Ta. Copyright ©2012, AIP Publishing LLC [63].
doped GaAs/AlGaAs core/shell NW. The NW conductance (Gy) is reported in figure 2.3.

2.3 Device fabrication

In this section, the fabrication process of our devices is described. In order to electrically
contact individual NWs, they are transferred onto an insulating substrate. As a substrate, we
use Si and silica wafers covered with 200 nm of SiO, produced by dry oxidation. To transfer
the NWs, we cut a piece of the grown substrate, put it into a small beaker with isopropanol and
insert it into a bath with ultrasound. The ultrasonic waves detach the NWs from the growth
substrate and bring them in solution. Then, by simply dropping droplets of this solution with
dispersed NWs onto the substrates, the NWs are transferred. In order to fabricate the devices
the following lithography steps have been developed. The substrate consists of an oxidized Si
substrate with a grid of metal markers. The markers have circular shapes because it leads to
the most precise and reliable detection by the electron beam lithography (e-beam). The center
position of a circle is independent of its diameter. This makes the pattern tolerant to over- or
under-exposure in photo-lithography. The described markers are shown in figure 2.4a.

Optical microscopy is then used to localize the NWs on the substrate. The optical images
should contain the framing markers, which can be recognized by an automated software
developed by Daniel Ruffer and Martin Heiss [64]. This software encodes the relative position
on the wafer and it has a sub-micron precision in the alignment. The position is determined
via shape recognition algorithms leading to an accuracy of less than 50 nm. We then use
the Ebeam (Vistec EBPG5000) to position the contacts and the nanoantennas as shown in
figure 2.4b. MMA and PMMA resist layer are spin coated on the substrate before the e-beam
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a)| — b)

Figure 2.4: a) Pattern design. The white dots of the optical image correspond to the markers
used by the e-beam for the substrate alignment and the NWs localization. b) and c) are
examples of a 4 points contact design realized by our automated e-beam software. The
different colors of contacts and nanoantennas represent different e-beam layers.

exposure. An additional step was introduced for e-beam on silica substrates. When the
electron beam is incident on an insulating substrate, electric charges are accumulated on the
surface and the incoming electrons are then deviated from their original direction leading to
detrimental effects on the final pattern design. To avoid this, silica substrates are covered with
MMA, PMMA and a further Cr layer of 40 nm thickness which provides the required electron
evacuation.

The process requires various evaporation steps. For the metal pads, 10 nm Ti followed by
around 100 nm Au are used. Ti is needed to improve the wetting of Au on the substrate.
Specific metal layer systems are used to make ohmic contacts, as discussed in the previous
paragraph, and before the deposition a fast HCI or HF etch is conducted to remove the GaAs
native oxide on the NWs.

2.4 FElectrical characterization

The small dimensions of the NWs demand that traditional characterization techniques to be
adapted or new techniques be developed. In the following, we review the state-of-the-art char-
acterization techniques used in this thesis, for the characterization of carrier concentration
and mobility.
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2.4.1 Electrical transport measurements:

One of the most common approaches for characterizing NW carrier concentration is the
measurement of the conductivity with a four-point probe configuration, combined with field-
effect measurements [65]. Four-point probe measurements are effective in removing the
spurious effects of the contact resistance or non-linearity due to the eventual formation of
Schottky contacts [57, 66, 67]. The measurements provide a conductivity value that is averaged
over the separation between the contacts and across the diameter. Variations in conductivity
along the NW can also be tested by addressing different segments.

The most widely used device for the characterization of NW carrier mobility is the field effect
transistor (FET). In NWFETs, transistor ON-OFF behavior is achieved by applying a gate voltage
that electro-statically induces free carriers in the NW channel. When carriers of the same as
the original doped carriers type are introduced in the accumulation regime, there will be a
measurable enhancement in electrical conductance. In the linear regime, the conductance is
expressed as:

alsd — C- (Vgate - V(threshold))
v, 2

2.1

where p is the majority carrier mobility, C the gate-NW capacitance, and L the gated NW
length. For Vg4, of opposite polarity, the doped carriers are repelled and the channel becomes
depleted of majority carriers, reducing the electrical conductivity. A Further enhancement in
the gate voltage results in the accumulation of free charge carriers with the opposite sign, i.e.,
inversion. The carrier mobility is determined from the NW conductance as a function of Vgqqe.
It is therefore critical to know the gate NW capacitance for accurate assessment of the carrier
mobility and doping level.

The extracted transconductance is used to calculate the field-effect mobility and carrier
concentration in the semiconductor NWs. In literature there are different geometries for
gating NW based devices, the most common configurations are the back gate [68], wrap-gate
[69, 70, 71, 72] (fig. 2.5a) or top-gate [73, 74] (fig. 2.5b).

Calculations provide useful information about current transport in NWs on a relative basis.
Unfortunately, the influence of the parasitic components on these measurements and calcu-
lations have shown to be extremely relevant for nanostructures. In particular, effects on the
gate hysteresis [75], electrostatic screening from surface traps and the NW capacitance can
deeply affect the NW transistors performances. In 2007 Khanal et al. numerically analyzed in
2D the effective capacitance of a NW based transistor in the bottom gate configuration [76].
In particular three effects are taken into account: (i) the gate capacitance, which depends on
the properties of the device geometry, dielectric and charge distribution within the NW; (ii)
the dielectric screening and doping effects on the semiconductor NW and (7ii) the electric
field distortion near the metal electrodes. Indeed, in small-sized devices, the source and drain
contacts can screen the gate potential, which in turn leads to artifacts in the measurements. As
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Figure 2.5: a) SEM view of a NW wrap gate transistor. b) Tilted and top-view SEM images of
the NW with multiple contacts and multiple gates. In both micro-graphs electrical contacts
are represented in yellow and gates in green colors.

a consequence, measured field-effect-dependent mobilities represent just an approximation
to the real mobility values.

In bulk or thin film materials, Hall measurements are often used method for the determina-
tion of the carrier concentration and mobility. On the other hand, these measurements are
challenging in NWs due to their one-dimensional morphology and small dimensions. In 2012,
the group of Samuelson and the one of Shépers independently performed Hall effect measure-
ments on individual NWs [77, 78]. The Hall voltage is proportional to the carrier concentration
and it enables the determination of the carrier concentration in the case of diffusive transport
(high mobilities can quench the Hall effect in one-dimensional nanostructures [79]). Then, by
measuring the conductivity, it is possible to determine the carrier mobility. By comparing Hall
and field-effect measurements on the same NW, they found that field-effect measurements
overestimate carrier densities up to a factor 4, corresponding to an underestimation of the
mobility also of a factor 4.

2.4.2 Electron beam induced current (EBIC):

Electron beam induced current is a technique used to identify buried junctions or defects in
semiconductors [80, 81], or to investigate minority carrier properties [82, 83, 84]. EBIC consists
of an excitation by an electron beam (usually SEM is used) which generates electron-hole pairs
in the semiconductor sample. Inelastic interactions of the primary electrons with the sample
pushes electrons into the conduction band, thereby producing free electrons and free holes.
A single primary electron can produce up to 10,000 electron-hole pairs. In semiconductor
devices, at the presence of a built-in drift field, electrons and holes flow in opposite directions
across. This generates an external current that can be 1000x higher than the beam current.
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If the semiconductor sample contains an internal electric field, as will be present in the
depletion region at a p-n junction or a Schottky junction, the electron-hole pairs will be
separated by drift due to the electric field. If the p- and n-sides (or semiconductor and

Schottky contact, in the case of a Schottky device) are connected through a picoammeter, a
current will flow.

In this work EBIC is used to measure the minority carrier mean free path in p-type NWs. In fact,
the incident electron beam leads to the formation of free electrons and holes in the NW. At the
junction between NW and metal contacts holes are repulsed into the semiconductor material
due to the Schottky barrier while electrons are attracted into the contact. This separation
generates a current that exponentially decays in function of the distance to the Schottky barrier
(Fig: 2.6). By the analysis of the current decay it is then possible to extract the minority carrier
mean free path, which is an important parameter to take into account in the realization of p-n
junction devices.

1x10°

<

5

O Figure 2.6: On top, SEM image of a contacted
-1x10° GaAs NW doped with carbon. On the bottom,

-1 0 1 2 3 4 5 6 7 8 electron beam induced current in function
Distance (um) of the electron beam position on the NW.

2.5 Optical techniques

The interaction of light with objects of sub-wavelength dimensions can be described in a
first approximation by Mie theory [85] based on the solution of Maxwell’s equations. Due
to the difference in refractive index between the medium and the object, the incident light
can be scattered. This means, that energy of a beam incident on the object is removed
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from the direction of propagation and redistributed in other directions. Light can also be
absorbed if the object is made of a material with complex refractive index. Both scattering
and absorption phenomena remove part of the intensity of the incident beam from the
direction of its propagation. The difference between the intensity of light incident on the
object and the intensity that continues propagating in the same direction after interacting is
referred to as extinction. Knowledge on these parameters is of fundamental importance in the
determination of the object optical properties.

In this thesis the following techniques are used: dark field scattering measurements, sec-
ond harmonic excitation measurements (SHE) and photoconductivity measurements. Other
techniques like Raman scattering, photoluminescence (PL), EDX, terahertz spectroscopy,
directional Fourier microscopy and transmission electron microscopy (TEM) have been per-
formed by collaborators on the same samples. They are not specifically discussed in this
thesis.

2.5.1 Dark-field scattering:

In optical microscopy, dark-field describes an illumination technique used to enhance the
contrast of the investigated samples. Rather than illuminating the sample with a filled cone
of light, the condenser is designed to form a hollow cone. The light at the apex of the cone
is focused at the plane of the specimen. When this light moves past the specimen plane
it spreads again into a hollow cone. The objective lens sits in the dark hollow of this cone.
Although the light travels around and past the objective lens, no rays enter it. When a sample
is on the stage, the light at the apex of the cone is incident on it. The final image is made only
by those rays scattered by the sample and captured in the objective lens. The advantage of
using dark-field instead of bright-field comes in how the image of low contrast material is
created: an object is seen against a dark background if it scatters light which is captured by
the objective lens. In this thesis (chapter 5) dark-field scattering is used to investigate the
far-field interaction between a NW and an array of disk antennas. This project is addressed to
demonstrate the coupling between the semi-conducting NW and metallic nanostructures.

2.5.2 Second harmonic generation (SH-G):

Second harmonic generation (SH-G) is a nonlinear optical process, in which photons with the
same frequency interacting with a nonlinear material are combined to generate new photons
with twice the energy, and therefore twice the frequency and half the wavelength of the initial
photons. Second harmonic generation, as an even-order nonlinear optical effect, is only
allowed in mediums without inversion symmetry such as GaAs.

The optical response of a material is expressed in terms of induced polarization P. In nonlinear
optics, the response of the material can be described as a Taylor expansion of the material
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polarization P in powers of the electric field E:

1 2 3
Pi=eo (X0 Ei+ X EiE) + X B Ey+ . 2.2)
where y is the susceptibility and X(”) correspond to the tensor of the n-th order nonlinear
process. If we only consider the second harmonic term for a harmonic input field at frequency

w, E; =€ejexp(—iwt) + c.c, the resulting second order polarization is:
P](CZ) - Xﬁ)k (e,-ejexp(—iZWI) + e;‘e; exp(i2wt) + e;‘e; + e?e’;) (2.3)

The second term of this expression shows that the non-linear polarization contains a com-
ponent that radiates at twice the frequency of the input light. We should also notice that the
intensity of the second harmonic signal is proportional to P? and therefore to E*. Second
harmonic generation can then be used as powerful technique to investigate the localization of
the electric field in GaAs NWs.

In the SH-G experiment (chapter 5), ultrafast laser pulses are generated by a tunable mode
locked Ti:sapphire laser with a pulse duration of 100 fs and a duty cycle of 82 M Hz. In our
set-up, the beam is modulated at 67 Hz by a mechanical chopper with a 50% duty cycle and
is steered with Ag mirrors. We use the Ti:sapphire output in the range 740 nm - 1040 nm.
We further extend the investigated range down to 1300 nm. For this we use of a tunable
optical parametric oscillator system (Spectra Physics Inspire) pumped by the Ti:sapphire
laser operated at 820 nm. The OPO output has the same temporal width and repetition
rate of the pumping laser, and we can tune it between 340 nm and 2200 nm. We uses a 700
nm long pass filter prior to the sample to remove any SH-G signal produced by the optical
components. Additionally, the linearly polarized beam is passed through a quarter-wave
plate. This create a circularly polarized beam to allow for consistent pumping conditions
regardless of the NW’s orientation on the substrate. The excitation beam is then focused on
the nanostructure by a 50x objective (NA 0.5) to a spot size of approximately 5 um from the
backside of the sample. The SH-G is collected in transmission mode with a 100x objective (NA
0.8). It is then detected with a photon multiplier tube (PMT) and a lock-in amplifier (Oriel
Merlin) after passing through a monochromatic (Cornerstone 260 1/4 m, 1200 lines/ mm, 500
nm blaze). The acceptance angle is of +30°, which enables the collection of intense SH-G
signal in our experimental configuration. The excitation beam is removed with a 670 nm
short pass filter prior to the monochromator. A CCD coupled to a reflection microscope is
used for alignment. A removable mirror is placed in front of the camera to direct the SH-G
signal to the detector. We kept constant the time averaged excitation power at 5 mW for all
measurements. Absolute values of the second harmonic power have been measured using a
procedure discussed elsewhere [86, 87]. Figure 2.7a illustrates a schematic of the experimental
setup utilized for the SH-G analysis.

The second harmonic spectra are collected for varying pumping wavelengths and are shown
in Figure 2.7b in the case of one of the samples analyzed in chapter 5. In Figure 2.7c we plot for
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this representative sample the peak wavelengths of the measured SH-G spectra as a function
of the pump wavelength. The linear fit to these data shows a slope of 0.5, as expected for the
SH-G process.
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2.5.3 Photo-conductivity measurements:

Photocurrent spectroscopy is a very useful technique to measure light absorption. Photocur-
rent spectroscopy explores the photogeneration carriers of electrically contacted semicon-
ductor NWs as a function of the excitation wavelength, bias voltage, and light polarization.
The first investigations of photocurrents in NWs were performed at the beginning of the
millennium [17, 88].

Photocurrent involves two main physical process: optical absorption and charge transport. It
allows the investigation of different properties.

(i) At the metal-semiconductor interface, a space charge region occurs [89]. This has been
observed for GaAs [90] and many other different NWs. Photo-conductivity related to the
presence of an electric field (like in the case of Schottky junction) can be used to determine
the contacts quality.

(i1) NWs can be grown with a pn-junction leading to a photo-voltaic effect when illuminated. In
this case, the photocurrent at zero bias can be related to the absorption in the semiconductor.
Krogstrup et al. demonstrated that the absorption of a single standing NW is enhanced due to
its light concentrating property [16].

(iii) Persistent photo-conductivity describes a class of phenomena that occur in a very large
time scale from seconds to hours. As NWs have a large surface-to-volume ratio, they are very
sensitive to surface effects, such as the Fermi-level pinning. Surface band bending leads to
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a spatial separation of photo-generated carriers and therefore to a reduced recombination
rate [91, 92]. This sensitivity depends on the NW diameter [93] and on the ambient gas con-
ditions [94]. Recently, GaAs/AlGaAs core-shell NWs have been investigated by photocurrent
measurements as AlGaAs shell reduces the Fermi level pinning at the NW surface [95, 96, 50].

(iv) Because of the elongated geometry of NWs, their absorption depends on the polarization
of the incident light. Light polarized parallel to the NW can be better absorbed than perpen-
dicularly polarized light. This can be explained by the dielectric difference between vacuum
and NW materials [97]. Photocurrent response also depends on the NW Fano resonances and
plasmonic modes [98].

(v) Over the last years different hybrid structures have been introduced and investigated with
regard to photovoltaic and photodetector devices. For example metal nanoparticles can be
used to concentrate light or create plasmonic resonances resulting in an enhancement or
modulation of the NW photo-conductivity [99]. In this thesis photo-conductivity measure-
ments have been particularly addressed to investigate the effect of bow-tie nanoantennas on a
NW [100]
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8] Doping, incorporation paths and
surface effects

In the path towards the development of opto-electronic devices based on NWs, two issues are
central. The incorporation of electrically active dopants and the control and passivation of the
NW surface.

In the first part the current state of the research field on NW doping and surface passivation
is reported. We then proceed by presenting our results. GaAs NWs doped with beryllium
(Be) and with carbon (C) have been investigated by the use of electrical measurements. We
demonstrate that Be can diffuse into NW leading to an alternative incorporation path. Surface
effects have been evaluated by comparing unpassivated with passivated NWs. We shown the
influence of the surface: the pinning of the Fermi level and the consequent existence of a
depletion region lead to an increase of the mobility for low doping concentrations. We also
measure the minority carrier diffusion path, which can be as high as 190 nm for passivated
NWs.

Publications:

A. Casadei*, P. Krogstrup*, M. Heiss, J. A. Rohr, C. Colombo, T. Ruelle, S. Uphadyay, C. B.
Sorensen, J. Nygard, A. E i Morral, Doping incorporation paths in catalyst-free Be-doped GaAs
NWs, Appl. Phys. Lett, 102, 013117 (2013)

A. Casadei, J. Schwender, E. Russo-Averchi, D. Ruffer, M. Heiss, E. Alarcon-Llado, E Jabeen, M.
Ramezani, K. Nielsch and A. E i Morral, Electrical transport in C-doped GaAs NWs: surfaces
effects, Phys. Status Solidi RRL 7, 10, 890-893 (2013)

*equal contribution.
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Chapter 3. Doping, incorporation paths and surface effects

3.1 NWdoping

Semiconductor NWs have gained in the recent years, the attention of researchers as both
powerful building blocks for integration in nanoscale devices and playground for the study of
unique physical phenomena. For this to become reality there are still some questions to be
answered. Two of them concerns the controlled introduction of impurities (doping) and the
surface effects.

Doping consists in the intentional incorporation of atoms with different atomic number in
the crystal structure of the hosting crystal. A semiconductor material system is called intrinsic
without having any dopant atoms and has negligible conductivity. The added atom will be
called donor if it has higher valence electrons and it will be called acceptor if it has lower
valence electrons; the semiconductor in this case is called n-type and p-type respectively.
The dopant atom embedded in the semiconductor needs very small energy to donate an
electron to the conduction band or a hole to the valance band. This energy, which is called
ionization energy, is considerably smaller than semiconductor band gap. Adding donor or
acceptor impurity atoms to a semiconductor will change the distribution of electrons and
holes in the material. Since the Fermi energy is related to the distribution function, the
Fermi energy will change as dopant atoms are added and will move from the middle of the
band gap (if one considers the same effective mass for electrons and holes) in the case of
intrinsic semiconductor toward the conduction band or valence band for n-type or p-type
semiconductors respectively. Intrinsic carrier concentration is too low for having acceptable
conductivity in semiconductors while by adding an extremely small amount of an impurity
atom (dopant) it could increase by many orders of magnitude. So dopant concentration,
which has a direct effect on carrier concentration, plays an important role on conductivity of
NWs.

Overall three different strategies have been investigated for the control of doping in NWs:
incorporation during growth, ex situ incorporation after growth through atomic diffusion
[101] and ion implantation. All three techniques have led to the demonstration of both n- and
p-type doping in group IV and III-V semiconductors. Each of the techniques is associated
with certain advantages and disadvantages. The most successful and most used technique for
doping semiconductor NWs has been the incorporation in situ during growth. It allows a vast
control of doping concentrations, sharp doping profiles and it avoids the creation of damages
which are present in case of ion implantation.

In principle, although the semiconductor planar technology is nowadays able to control
dopant position and concentration with high level of precision, many questions are still open
regarding the doping mechanisms in the bottom-up NWs growth. In fact NWs are most
commonly obtained by the vapor-solid-liquid method (VLS) that is more complex than the
standard planar technology due to the growing mechanism that takes place in non-equilibrium
conditions. During the VLS growth gaseous precursor is incorporated in the solid NW form
through a liquid droplet which is usually made of gold. For GaAs growth with MBE, Ga is often
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3.1. NW doping

used as catalyst because if offers a wider process window and guarantees that the NWs will
not be contaminated by gold [35]. When VLS is used for the in situ doping during growth,
the dopants need to be sufficiently soluble in the metal droplet for the incorporation to be
successful.

In situ doping allows a relatively vast control of doping concentrations and relatively sharp
doping profiles, both, in the axial as well as radial directions. Until today, silicon NWs consti-
tute the best studied material system in terms of doping. Reproducible dopant incorporation
of n and p-type dopants can be achieved up to concentrations of 1.5 x 102° ¢m =3 [102]. Ad-
ditionally, doping does not provoke any significant change in the number of defects and/or
growth rate in silicon NWs. This means that silicon NWs can be used reproducibly as future
nanoscale device components as the doping is completely controlled. Doping in arsenides
and phosphides such as GaAs, InAs and InP has shown to be more challenging.

Successful doping has been achieved by adding the corresponding flux of Zn [103], Te [104],
Be [58, 105, 106] and Si [57, 107, 108] (or related precursors) during the NW growth. In some
cases, only a slight change in the NW morphology has been found [109, 110]. In some cases
the density of carriers is lower than the density of incorporated dopants [111]. The origin
of this discrepancy can be the incorporation of dopants in non-substitutional sites and/or
amphotericity. For example, silicon in GaAs can be incorporated on Ga or As sites, resulting
respectively in n or p-type semiconductors. Silicon added to the NW growth process leads
to the main incorporation on the As sites. At silicon concentrations close to 10'® cm =3 it is
observed that Si tends to form Si pairs, leading to amphotericity and to a limit in an effective
doping concentration of 2 x 10'® ¢m™3. An electrical deactivation of more than 85% of the
silicon acceptors was found for a nominal silicon concentration of 6 x 10'® ¢ 3. In particular,
this was performed by Raman spectroscopy in transmission configuration where it was made
use of modified Raman selection rules to study the interaction of plasmons with the LO
phonons and to estimate the carrier density and mobility [107].

One of the main questions which still had to be completely explored at the beginning of this
thesis is the incorporation path. During the in situ growth two ways are possible: (i) the
vapor-solid (VS) mechanism, where dopants are directly deposited on the NWs sidewall or (ii)
the Vapor-Liquid-Solid (VLS) mechanism where atoms first dissolve in the catalyst and then
are transported across the liquid solid interface to the core of the wire (Fig.3.1a). An important
insight in the mechanism, in the case of Au catalyzed Si NWs, has been reported by the group
of Lauhon in 2009 [112]. Lauhon and coworkers used the atom probe tomography to make a
3-dimensional reconstruction of the NW composition. They looked at the doping distribution
in Ge NWs Au catalyzed, doped by Phosphorous. As shown in Fig.3.1b, the core is substantially
under-doped while the shell is over-doped. This large discrepancy between the two dopings
reflects the differences in the reaction kinetics for the two incorporation paths, showing a
much higher incorporation rate for the VS way than for the VLS one.

In 2010 Colombo and coworkers analyzed the doping mechanism of catalyst-free MBE Si-
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Chapter 3. Doping, incorporation paths and surface effects

doped GaAs NWs [57]. They used electrical measurements and Raman spectroscopy as
complementary technique to distinguish between silicon incorporated during the axial growth
and the proportion of silicon incorporated in the parasitic radial growth. They demonstrated
two competing mechanisms occur: incorporation from the side facets and from the Ga droplet.
They achieved p-type doping concentrations of 2.4 x 10'8 ¢m™3 (Fig. 3.1a).
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Figure 3.1: a) Sketch of the two different doping pathways for VLS grown NWs from [57].
Copyright ©(2010) American Chemical Society. b) On top, schematic representation of dopant
incorporation pathways via the catalyst (i) and surface deposition (ii). On bottom, radial
plot phosphorus concentration for germanium NWs. From [112]. Copyright ©(2009), Rights
Managed by Nature Publishing Group.
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3.2 Dopingincorporation paths

In this thesis we have studied the following dopants in GaAs NWs: Si, C and Be. Figure
3.2 summarizes in a schematic manner what we have learnt in the last few years about the
different incorporation paths between the three types of dopants for NWs grown by the vapor-
liquid-solid mechanism. There are mainly three incorporation paths: (i) through the droplet
leading the axial growth, (ii) through the side facets via parasitic or intentional radial growth
and (iii) by diffusion from the facets into the NW core.

The incorporation of dopants through the liquid droplet depends mainly on the solubility of
the dopant in the droplet and on the distribution coefficient which determines what propor-
tion of dopant can precipitate from the liquid droplet to the solid NW [113]. Silicon is soluble
in Ga, while Be and C are not. The incorporation of silicon occurs mainly on the As sites,
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Figure 3.2: Schematic drawing of the incorporation paths for dopants in NWs grown by the
vapor-liquid-solid mechanism: dopants incorporate through the liquid droplet, directly on
the NW facets or by diffusion from the NW facets into the core.

similarly to what had been found in liquid-phase-epitaxy [114]. It is directly proportional to
the concentration in the Ga droplet and so inversely proportional to the growth rate of the NW.
At high silicon concentrations, the electric field of the Siions drives the formation of silicon
pairs. Therefore, silicon is not the most optimal dopant for highly doped p-type NWs.

As silicon, carbon and beryllium are incorporated in thin GaAs films grown on (110) surfaces,
they can also be incorporated during the radial growth of the NWs. Radial growth can be
engineered after stopping the axial growth or can be parasitic to the axial growth. As it is the
case for (110) surfaces, Si doping of the GaAs shells can lead to both p- and n-type doping.

It is generally accepted that incorporation paths of dopants are similar from the growth
precursors and result either from the radial growth of the NW or through diffusion through the
catalyst [115, 116, 112, 117, 105]. Still, one may consider a third path, which consists on the
diffusion of dopants in the core and/or from the shell to the NW core. The relevance of this path
should depend on the diffusion coefficient of the dopant and the growth temperatures used
[118]. Typical dopants with a high diffusion coefficient in III-Vs are Be and Te [119, 120]. Silicon
and carbon have an extremely low diffusion coefficient in GaAs at the growth temperatures
typically used for GaAs NWs (= 630°C). As a consequence, diffusion does not play a role in
their incorporation. On the contrary, beryllium exhibits a relatively high diffusion coefficient
around 600°C. Beryllium incorporates on the facets of the NWs during growth via the parasitic
radial growth. Thanks to the high diffusion coefficient, Be distributes in a homogeneous
manner along the whole NW axis. After growth, the conductivity is homogeneous along the
whole NW length. Concentrations between 6 x 1017 and 5 x 10! ¢/~ have been obtained.
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3.3 Surface states and passivation

3.3.1 Fermi Level pinning at the surface

Due to the abrupt discontinuity of the crystal lattice at semiconductor surfaces, a large number
of localized energy states can be introduced to the surface region [121]. These surface states
play an extremely important role in the opto-electronic properties of GaAs NWs. In ambient
conditions there is a formation of a thin oxide layer on the NW surface resulting in a pinning
of the Fermi level. Landgren et al. have experimentally determined the surface Fermi level
of oxidized (110) GaAs. They obtained values of 0.5 eV above the valence band for p-type
material and 0.6 eV below the conduction band for n-type GaAs respectively [122]. The
existence of this region reduces the electrically active part of the NWs[123, 124] and its width
depends on the GaAs doping level. The depletion region (W) position is represented in fig.
3.3a. With increased doping the electric field is screened more efficiently, therefore reducing
the depletion region. We can avoid this problem by passivating the GaAs with a wider band
gap semiconductor, such as AlGaAs[125, 126].

In a semi-classical model the band bending is obtained by the difference ¢ of the Fermi level
at surface states with respect to the Fermi level of the bulk. The Poisson equation in cylindrical
coordinates, can be used to describe the variation of ¢ in the NW geometry:

lgra(p(r) __eNA
ror  or  eeg

(3.1

The equation is solved by using the boundary conditions of a vanishing electric field at the
surface: ¢(ry) = @, where ® corresponds to the pinning position of the Fermi level. For high
doping concentrations, the difference in the Fermi level and the valence (conduction) band is
negligible compared to the surface potential which is found to be 0.5V in p-type GaAs [122].
The result is an implicit equation for the NW depletion layer width w which depends on the
NW radius rp and the doping concentration Nj,;; [123]:
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The values of the depletion region w as a function of the doping concentration and for two
different NW radii is shown in Figure 3.3b. For high doping concentrations, the depletion
region can be as small as few nm. It increases rapidly for lower doping concentrations. Already
in the case of doping concentration close to 10'® atoms/cm?, the depleted region corresponds
to several tens nm. For example, a NW with ry = 40 nm would be completely depleted and
therefore insulating for carrier concentrations below 1 x 10'® atoms/cm3.
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Figure 3.3: a) Schematic band alignment of p-doped GaAs material at the interface with air. b)
Calculated depletion region width in dependence of NW concentration for radii ro = 40 nm
and rg = 100 nm. Rights managed by AIP Publishing LLC.

3.3.2 Surface passivation with AlGaAs

So far there are several well established techniques for GaAs passivation based planar devices
involving treating the surface with sulfur (S) or antimony (Sb). Still, the most used method is
epitaxial growth of a protective layer of higher band gap material [127]. AlGaAs has a higher
band gap than the GaAs and completely encloses the GaAs and furthermore both materials are
lattice matched enabling formation of perfect interface. This is important since it significantly
reduces the interface recombination rate. It is also important to additionally protect the
AlGaAs with a GaAs layer. AlGaAs rapidly oxidizes in air. Oxygen acts as a deep level trap,
reducing the carriers recombination life time and the quantum efficiency.

The NWs electronic properties such as carrier lifetimes and mobility are extremely dependent
on the surface and interface states due to the NW high surface-to-volume ratio. Research
on planar structures has shown that the GaAs surface recombination can be dramatically
reduced by replacing the free GaAs surface with a GaAs/AlGaAs hetero-interface. Both the
growth techniques [128, 20] and the NW crystal structure[129] are reported to influence
carrier lifetimes in GaAs/AlGaAs core-shell NWs. Despite several works have been devoted to
optically characterize the surface effects in NWs, demonstrating that AlGaAs capping reduces
the recombination centers [130, 129, 20, 96, 131], electrical measurements remain challenges.
In 2012 Chang et al. combined time resolved photoluminescence measurements (PL) and
EBIC measurements on GaAs single core and GaAs/AlGaAs core-shell NWs. They observed a
48-fold enhancement in the PL intensity and a 6-fold increase in the minority carrier diffusion
length with surface passivation. The surface recombination velocity was calculated to lie in
the range from 1.7-103 to 1.1-10* cm/s. For the passivated NWs, they estimated the minority
carrier mobility to lie in the range from 10.3 to 67.5 cm?/(V - 5), based on the measured
lifetimes and diffusion length at room temperature. They also claimed that the relatively long
minority carrier diffusion lengths indicate that twin stacking faults do not limit the minority
carrier lifetimes in passivated NWs[50]. These results represented a further proof that surface
passivation is advantageous. In this chapter some of these results are confirmed on C-doped
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GaAs NWs and a more deep investigation of the doping and passivation effects on the electrical
mobility is performed with electrical measurements on NW based transistors.

3.4 Be-doped NWs: new incorporation path

In this section, we show our results concerning the doping of GaAs NWs with Be. By measuring
the spatial dependence of the conductivity of NWs deposited with a flow of Be under different
conditions we identify the incorporation paths and discuss the advantages and limitations of
this dopant. In principle, this work can be extrapolated to other I1I-V materials.

3.4.1 Device fabrication

The NWs were grown on (111) Si using a self-catalyzed (VLS) method [35, 39, 38]. Ga deposition
rate corresponds to a nominal growth of 0.27 A/s, for times ranging between 30 and 60
minutes (table 3.1), at 630°C substrate temperature and a V/III flux ratio of 60[132]. The
vertical growth rate for all the NWs was around 15 um/h. P-doping was achieved by adding a
flux of beryllium either during growth of the core or a posteriori during the growth of a shell.
The shell was obtained at a lower temperature (465°C), switching the As source from As, to As,
and increasing the V/III ratio to 150 [99]. Six different types of growths with varying doping
profiles were carried out to give some insight into the Be incorporation mechanisms during
axial VLS and radial VS growth of self-catalyzed GaAs NWs (table 3.1).

Sample Growth Nominal Nominal Conductivity

time shell conc.

[min] [nm] latoms/cm3]  (Qxm)~!
1 30 0 5x10'8 0.06 +0.03
2 60 0 2.5%x10% 16000 + 5000
3 45 30 1x10'8 3+2
4 45 30 5x 1018 50 +20
5 30 10 1.5x 1019 1000 + 600
6 30 30 1.5x 1019 2200 + 500

Table 3.1: Time of axial NWs growth, nominal shell thickness, nominal doping concentration
(corresponding to the planar growth under the same conditions) and measured conductivity
obtained by 4-point contact configuration.

3.4.2 Measurements and discussion

The effective resistance in the NWs was measured by carrying out 4-point electrical measure-
ments at room temperature [57] on around 50 samples. The high number of devices were
obtained within a reasonable time frame with our auto-contacting software. The electrical
contacts consisted of Pd/Ti/Au (40/10/250 nm) and the samples were annealed at 300°C for
20 minutes in order to ensure ohmic and reproducible contacts.
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Figure 3.4: (a) I-V examples of each growth performed with single 2 contact configuration. The
linearity of the curve shows that Pd/Ti/Au electrical contacts are ohmic on Be doped GaAs
NWs. In the insert a SEM image of a contacted NW. (b) NWs conductivity obtained from 4
point measurements and a corresponding SEM image. Rights managed by AIP Publishing LLC.

Figure 3.4a shows a typical contacted NW for single 2 point contact configuration. Multiple
contacts were also realized to understand the spatial dependence of the conductivity along the
NW axis. Figure 3.4a shows examples of 2-point current-voltage. The linearity of the curves
indicates that all contacts are ohmic, even for the highly resistive samples. The conductivity
of the NWs obtained from 4-point probe measurements can be found in table 3.1 and in Fig.
3.4b.

Two observations induced us to conclude that Be is not incorporated through the NW droplet
during the vertical growth. First, we did not find any clear dependence of the conductivity with
the NW diameter within a given type of growth. Second, the apparent conductivity obtained
in the NWs grown with a nominally doped core and without a shell (sample 1) is much lower
as compared to the nominal doping concentration. Sample 4 has been grown with the same
core conditions as Sample 1 with an additional shell of 30 nm with the same Be flux. By
comparing the two samples we can separate the transport contribution due to the VLS and
the VS growth. The doping contribution from the VLS step is negligible indicating that the flux
of Be atoms to liquid-solid growth front is relatively small [59, 133]. We therefore deduce that
the incorporation path of Be through the droplet can be neglected.

The average carrier concentration in GaAs at room temperature can be obtained from the
relation p = N4, where N4 is the doping density. We then obtain:

g
Ny =
pxe

(3.3)

where e is the electrical charge of the electrons, p is the mobility in the NWs and o is the
conductivity. We assume p = 31 cm?/(V x s), as recently measured in similar NWs and doping
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concentration range [134]. From the electrical measurements, we obtain the current crossing
the NW. In order to extract the doping concentration we taken into account the following
effects: (i) non-uniform radial doping distribution, (ii) surface effects such as depletion and
dopant deactivation and (iii) diffusion of dopants during the growth. Our model considers
these three effects.

We present the effect of surface band bending, especially important for small diameters and/or
low doping concentrations. The Fermi level pinning due to the surface traps was discussed
previously in this chapter. The equation used to calculate the depletion region (w) in function
of the doping concentration (Nsj.;;) and the radius () of the NWs is here reported:
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The actual doping profile in the NW depends on the Be diffusion during growth [118, 135]. In
fact, during axial growth there is a concentration of Be adatoms on the NW sidewalls which
can be incorporated[35, 57]. The concentration of Be in the vicinity of the NW surface is
considered constant due to the constant incident Be flux, which leads to a quasi steady state
concentration at the surface during growth, py. Diffusion of Be from the surface to the NW
core is driven by the gradient in Be concentration and by the high temperture in the chamber.
It is sufficient to solve the one-dimensional diffusion equation, which gives [136]:

(x,1) erfc ( ad ) (3.5)
» = X 1/ .
p po 2% (D)2
where py is the doping concentration at the interface, x is the distance from the interface, ¢ is
the diffusion time and D is the diffusion coefficient

D =D x e Bl kT (3.6)

where for Be diffusion in GaAs, Dy = 0.655¢m?/s and Ey = 2.43eV [136]. The diffusion length
is defined as the distance with which the concentration is 1/e of the initial concentration
(Table 3.2). As schematically drawn in Fig. 3.5, the existence of a depletion region and the
diffusion of Be strongly modify the range of electrically active part of the NWs.

The 4-point measurements are performed in the center of the NW. it is therefore assumed that
the diffusion at that point corresponds to half of the full VLS growth time. If we now consider
the doping diffusion and the carrier depletion region at the surface we can deduce the doping
concentration and electrical carrier concentration:

2 . _ L
Orozoﬂp(x, Hxsin@)dxdo = ZiRe 3.7)
—“’7+rw—(r—w)zln( r

)_ 2eeqg® _
r-w eNipeli

where R/L is the resistance per unit length, Ngp,;; is the shell concentration and the doping
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3.4. Be-doped NWs: new incorporation path

Sample Carrier Shell Total w 1/e)
conc. conc. shell Diff.
cm™3 latoms/ cm3] [nm] [nm] [nm]

1 (1+0.5) x 10> (1.2+0.6) x 10'8 4 27 38

2 (3+1)x 10" (5+1)x 10" 8 3.5 53

3 (5+3) x 1015 (5+1) x10Y 36 50 46

4 (1+0.5) x 1017 (6+3) x 107 36 39 46

5 (3+2) x 1018 (5+3)x10'8 14 12 38

6 (4+1)x10'8 (7+2)x10'8 34 10 38

Table 3.2: Carrier concentration, shell doping concentration calculated with the model de-
scribed previously, total expected shell, depletion region (w) and diffusion length defined by
the distance which the concentration is 1/e of the shell concentration.
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Figure 3.5: (a) Section view of a NW. The doping and the carrier concentration are reported
as a function of position along the NW diameter. (b) Comparison between carrier density
concentration (red) and calculated doping concentration in the shell (black). The blue dotted
line represents N, = Ngpe1;.- The error bar reported for every dots represent only the standard
deviation calculated on the electrical measurements. Rights managed by AIP Publishing LLC.

distribution (p(x, 1)) is:

plx, 1) =

Nshe”xerfc[Wx[)m] core

active part of shell

depletion region

(3.8)
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Chapter 3. Doping, incorporation paths and surface effects

For low doping concentrations (below 5 x 10'8 ¢m~3) the depletion region is larger than the
shell thickness. This concerns sample 1, 3 and 4. These three samples exhibit a very low
conductivity. By taking into account the depletion region at the surface, we can extract the
doping concentration at the shell. This is very close to the nominal doping concentration. For
higher doping concentrations, the depletion region it is only few nm and it affects much less
the overall conductivity. It is interesting to note that even though the incorporation of Be via
VLS mechanism is negligible, it is possible to dope the NWs almost homogeneously if we keep
the growth temperature at very high values and for enough time. Indeed, for nominal doping
concentration higher than 10'® ¢m™3 the highly doped shell and the long growth time results
into a strong diffusion of Be inside the core, leading to an almost fully doped NW [137]. This is
extremely advantageous for example in the case where an ohmic contact with a substrate is
relevant (e.g. solar cells).

3.5 C-doped NWs: surface passivation effects

3.5.1 Device fabrication

The NWs consist of an undoped GaAs core of about 70 nm in diameter and a C-doped shell.
GaAs NWs are grown on a (111) Si substrate under conditions that maximize the yield of
vertical NWs [132, 39]. We set the MBE parameters in order to have a rotation of 7 r pm, a flux
of Ga equivalent to a planar growth rate of 0.3 A/s, a substrate temperature of 640 °C and a V/III
beam equivalent pressure (BEP) ratio of 50. After the vertical growth, the growth conditions
were radically changed for obtaining a 40 nm GaAs doped shell. The substrate temperature
was lowered to 465 °C and the Ga flux was stopped for about 10 min while the V/III BEP ratio
was increased to 130[55]. A p-type doping was achieved by adding a flux of Carbon during
the growth of the shell. We grew a series of samples with different C flux given by the current
applied to the cell, as reported in table 1. To test the effect of the surface, equivalent samples
have been fabricated with the addition of a capping layer consisting of 15 nm Alj 3Gag 7As and
6 nm of intrinsic GaAs. The geometrical cross section of unpassivated and passivated NWs are
shown in fig. 3.6. The SEM picture represents a forest of vertical GaAs C-doped NWs.

Multiple four point measurements have been performed on around 100 samples to give an
accurate estimation of the resistivity of the NWs. Thanks to our auto-contacting software[138],
the realization of a large number of devices has been automatized. The electrical contacts
consists of Pd/Ti/Au (40/10/250 nm) metal layer directly in contact with the doped shell. For
the capped NWs, the Alj 3Gag 7As shell was etched away using a solution of citric acid and
hydrogen peroxide (2:1) leading to an etching rate of 1.4 nm/s. In order to extract the NW
majority carrier mobility, we realized bottom gate transistors, with 200 nm thick SiO, layer
used as a gate dielectric.
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3.5. C-doped NWs: surface passivation effects

Figure 3.6: On top, Geometrical cross section of unpassivated and passivated NWs. Below,
SEM image of a forest of vertical GaAs C-doped NWs.

3.5.2 Hole mobility in function of doping and surface

As previously discussed, in ambient conditions there is a formation of a thin oxide layer on
the NW surface resulting in a pinning of the Fermi level. In GaAs the pinning occurs near the
middle of the band gap, producing a depletion region. The existence of this region reduces the
electrically active part of the NWs[123]. A solution to avoid this problem is to passivate the
GaAs with a wider band gap semiconductor, such as AlGaAs[125, 126]. In this study we show
how a passivation layer affects the electronic properties of GaAs NWs with different doping
concentrations.

Seven types of samples have been analyzed. The shell doping concentration, the resistance
and the mobility are reported in table 3.3.

Sample Dopingconc. Res/Length Mobility

[cm™3] [kQ/um]  [cm?/(Vxs)]
1p 8x10'® 91 8
2p 5x 108 53 12
3p 2.5x10'8 103 14
4p 1x10'8 2700 20
lu 4x10'8 329 8
2u 2x 1018 300 20
3u 1.3x10'8 528 30

Table 3.3: Doping shell concentration, resistance per unit length and mobility of the NWs
analyzed. "p" corresponds to the passivated NWs and "u" to the unpassivated ones.
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Chapter 3. Doping, incorporation paths and surface effects

We obtained the conductivity o from 4 point measurements and the mobility y is derived from
bottom gate field effect transistor characteristics:

or 12
OVg Cx Vsd

p= (3.9)
where Vg and V;,; are respectively the gate and the source-drain voltages, L is the distance
between source and drain and C is the device capacitance. For this structure, formed by a NW
gated through a Si O, substrate, it is found [76] :

L

c=2
Tr€ocr xxcosh™1((ro+ h) /o)

(3.10)

where €€, is the dielectric constant of insulating layer, rg is the NW radius and / the dielectric
thickness. For passivated NWs we consider the capping layer as a capacitance in series with
the bottom gate dielectric. For 200 nm SiO; thickness with €, = 3.9 the typical capacitance
value of our devices is around 1 fF. From the output curves (Fig. 3.7a) we also observe that
carbon acts as p dopant [139].

We assume that all acceptors are ionized at room temperature. This means that the holes
concentration can be directly linked to the C concentration. In the case of passivated NWs
(1p, 2p, 3p and 4p) we can consider that the electrically active part corresponds to the entire
doped shell because there is no depletion region. We can therefore measure the conductivity
of the doped shell oj,;; calculated on the doped cross section area and directly extract the
doping density

O shell
pxe

NA(passivated) = (3.11)

When NWs are not passivated, one needs to consider the Fermi level pinning at the NW
surface that generates a depletion layer. Solving the Poisson equation and using the boundary
conditions of a vanishing electric field at the surface we can calculate the depletion region
width. For the doping concentration analyzed, we use a surface potential ® at the GaAs surface
of 0.5 eV[122]. The depletion region w follows[58]:

2
w T 2e-€0d
( 0 )— ro (3.12)

——+r0w—(r0—w)zln =
2 ro—w) eNspelr

where €; = €gqas = 12.9 is the GaAs dielectric constant and Nij,;; the doping concentration in
the shell. Ngpq;; and w can be deduced from the electrical measurements using the following
system:
ro—w 2m . L
{ S0 o Nsnenxsin(@)dxd6 = ke
o

P (3.13)

2
_w? (1 — 1) 2
5 +Trow — (ro — w) ln( w) eNowr

o

where R/ L is the resistance per unit length, p is the carrier mobility and r..,. is the radius of
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3.5. C-doped NWs: surface passivation effects

Figure 3.7: a) Example of a transistor output
curve for different source-drain voltages V.

18 The inset shows the NW bottom-gate transis-
J 0 N, (cm™) . . .

) 10 tor configuration. b) Mobility vs shell doping
€ l concentration for the 7 types of NWs ana-
éi s[4 lyzed. 1u, 2u and 3u are unpassivated NWs
x 10 ".U > 1u while 1p, 2p, 3p and 4p are passivated. ¢) NW
o .u o resistance per length in function of the dop-
§ 102 PY o 1r}g cc.)ncentratlor.l. The bI.aC.k and red.strlpes
2 3p ® 1p highlight the region of minimum resistance
3 2p per length for unpassivated and passivated
® 10" L - e e o NWs. Copyright ©2013 WILEY-VCH Verlag

10 Na (cm™) 10 GmbH & Co. KGaA, Weinheim.

the undoped NW core.

The results of the mobility and the resistance obtained for all different types of NWs are shown
in Fig 3.7b and 3.7c. The mobility measured increases for decreasing doping concentration,
for both passivated and unpassivated NWs. This behavior is commonly observed in semicon-
ductors and is related to a decrease of ionized impurity scattering related to the doping atoms.
Interestingly, we observe a saturation of the resistivity for doping concentrations higher than
2x10'8 cm™3 . The saturation values correspond to ~ 80 kQ/um and = 330 kQ/um respectively
for the passivated and unpassivated NWs.

A priori we would expect a higher mobility for passivated NWs with respect to the unpassivated.
Surprisingly, in Fig. 3.7b, we observe that this is only true for the doping concentrations higher
than 3x10'8 cm 3. In order to shed some light to this issue, we have simulated the band profile
across the NW with nextnano® software (copyright (c) 2012, nextnano GmbH, Germany). We
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Chapter 3. Doping, incorporation paths and surface effects

calculated the majority carrier (holes) distribution inside the NWs. Figure 3.8 shows the profile
of the holes concentration for both passivated and unpassivated NWs. There are two doping
concentrations (p: on the left p = 4 x 10'8 ¢m =3 and on the right p = 1 x 10'® cm™ (Fig. 3.8).
In the unpassivated case the Fermi level pinning was used.

Doping 4-10'8 Doping 1-10"8
=2 (B £ . [ [\
22 | \
2N . e TH T
Z, L U I U L e

Figure 3.8: Transverse section view of 2 NWs with intrinsic core and a doped shell (4 x 10'®
and 1 x 10'8 ¢m~3). The distribution holes profile is represented in the case of NWs capp (blue
lines) and NWs uncap (red lines). In the unpassivated NWs, the depletion region has the effect
of keeping the holes far from the surface. The numerical analysis has been performed with
nextnano. Copyright ©2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Holes are mainly distributed in the doped shell, but a small portion is also found in the core (
Fig. 3.8). In the unpassivated wires, the surface depletion leads to a decrease in the amount of
carriers in the shell. This is especially relevant for low doping concentration. From this we
conclude that two mechanisms may contribute to the observation that unpassivated NWs
have higher mobility. First, the depletion region ensures that transport of carriers occurs at a
certain distance from the surface reducing the surface-related scattering. Second, a higher
proportion of the transport occurs through the undoped core, which exhibits highest mobility
due to the absence of dopants. The resulting mobility in unpassivated and low doped NWs is
therefore higher than the respective passivated NWs.

3.5.3 Minority carrier mean free path

In this last part of the chapter we investigate the mean free path of minority carriers (electrons)
using electron beam induced current (EBIC). At the semiconductor-metal interface a Schottky
barrier is produced. When exciting electron-hole pairs with light or an electron beam, the
potential gradient produced by the Schottky barrier attracts minority carriers (electrons)
into the contacts. This lead to a current that is measured with a picoammeter. This current
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3.5. C-doped NWs: surface passivation effects

exponentially decays with the distance from the contact [116]:
I=Te" +¢ (3.14)

where [ is the electron mean free path. In order to understand the electron beam interaction
volume, we simulate the trajectory of electrons in the NW with Casino [140], shown in (Fig.
3.9a). We calculate the trajectories of 200 incident electrons with an energy of 3 keV and a
probe current of 200 p A, corresponding to the experimental conditions used. As it can be
seen in Fig. 3.9a, the excitation is limited to the doped shell of the NW.

1.0

08 |(2U) =20 nm
06 |(2p) =70 nm
04

0.2

0 100 200 300 400 500
Distance (nm)

Figure 3.9: a) Electron trajectory in the NWs simulated by Monte Carlo. The simulations
are performed for 200 electrons with energy of 3 keV and a probe current of 300 pA. b)
Experimental current decay as a function of distance to the contact for 3 NWs samples (2u, 2p
and 4p). The minority carrier mean free path extracted increase up to 190 nm for passivated
NWs with a doping concentration of 10'® ¢cm=3. Copyright ©2013 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Figure 3.9b shows the exponential decay of the current for an unpassivated and two passivated
NWs. For the unpassivated NW, we obtain the lowest mean free path: 20 nm . The passivated
NWs exhibit longer electron mean free paths, up to 190 nm. Despite the majority carrier
(holes) mobility is lower for passivated NWs, a longer diffusion path is found for the minority
carriers (electrons). This is explained by surface oxidation generating the Fermi level pinning.
Indeed holes are repulsed from the surface, but electrons are attracted. Consequently, the
electron main free path in unpassivated NWs is reduced due to the large defect and trap
densities at the surface.
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3.6 Conclusions

In conclusion, we have discussed the doping incorporation paths and the surface effects in
semiconductor NWs. We have shown that GaAs NWs can be doped with Si, Be and C according
to the following restrictions: (i) only Si is incorporated through the droplet, (ii) Be can diffuse
from the NW shell to the core and (iii) all Be, Si and C can be incorporated during the VS
growth. We presented the results obtained with electrical measurements on Be doped GaAs
NWs, demonstrating that Be atoms are mostly incorporated from the side facets and that the
incorporation through the Ga droplet is negligible. The doping concentration can be tuned
between 6 x 107 and 5 x 1019 cm=3.

We have measured the carrier concentration, mobility and minority diffusion length for core-
shell GaAs NWs were the shell is C-doped at different concentrations. The effect of surface
states is evaluated by comparing the values for passivated and unpassivated NWs. At low
doping concentrations, the highest mobility is observed for unpassivated nanowries showing
a mobility of 30 cm?/(V - 5). Finally, we have measured a minority carrier diffusion lengths up
to 190 nm for passivated NWs showing an order of magnitude enhancement respect to the
unpassivated one.
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Modulation doped nanowires

The modulation doping is the doping of a heterostructure (e.g. GaAs/ AlGaAs) implemented
in such way that the resulting free electrons are spatially separated from the positive donor
ions. As a result scattering of moving electrons on the dopant atoms is avoided leading to
a superior electron mobility. In addition the nanowire geometry allows to switch between
3D, 2D and 1D electron transport in function of the doping concentration opening ways to
interesting physical properties.

In this chapter we analyze GaAs/AlGaAs modulation doping structure. We investigate the
effect of doping and geometrical parameters and we calculate the carrier concentration profile
inside the nanowire. We observe the formation of 2D electrons layers and 1D channels in
function of the doping concentration. We then experimentally measure the electron mobility
in doped GaAs nanowires and we compare it with literature values mobility of modulation
doping GaAs/AlGaAs nanowires.

Publication:

J. L. Boland, S. Conesa-Boj, P. Parkinson, G. Tutuncuoglu, E Matteini, D. Ruffer, A. Casadei,
E Amaduzzi, E Jabeen, C. L. Davies, H. J. Joyce, L. M. Herz, A. Fontcuberta i Morral and M.
B. Johnston, Modulation doping of GaAs/AlGaAs core-shell nanowires with effective defect
passivation and high electron mobility, Nano Letters, 15, 1336-1342, (2015);
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Chapter 4. Modulation doped nanowires

4.1 Modulation-doped GaAs

The term low dimensional system, in the case of electronic transport, refers to a system in which
the mobile charge carriers are constrained by potential barriers so that they loose one or more
degree of freedom for motion. The system becomes two, one or zero dimensional, depending
on whether the potential barriers confine the electrons in one, two or three dimensions,
respectively. The most commonly used heterostructure for two-dimensional transport is
composed of two semiconductors, GaAs and Al,Ga;—As, which have nearly the same lattice
parameters. In the latter material, a fraction x of the Ga atoms in the GaAs lattice is replaced by
Al atoms, thus keeping the III-V ratio the same. For x < 0.45 the semiconductor Al,Ga;_xAs
has a direct band gap. This system is used to create modulation doped heterostructures.

Modulation doping is a doping technique which spatially separates mobile carriers from their
parent impurities. Extremely high carrier mobilities (1) can be obtained due to this separation
through a significant reduction in ionized impurity scattering. In this thesis modulation doped
heterostructure with confined electron system dimensions have been obtained by introducing
n-type dopant impurities in the Al,Ga;_xAs at some distance to the interface, whereas the
GaAs remains intentionally undoped. Some of the electrons introduced by the Si donors into
the conduction band of the Al,Ga;_ As transfer into the lower-lying I conduction band of the
GaAs. These electrons are confined in the nearly triangular well established by the conduction
band discontinuity and the Coulomb potential of the parent ionized impurities (Fig. 4.1a).

The discovery of modulation doping in 1978 [142] led to an immediate improvement in the
low-temperature mobility of GaAs because it afforded a physical separation of the electron
carriers from the positively ionized donor parent atoms. This improvement has continued
for several years leading to an increase of thin films mobility of four order of magnitude (Fig.
4.1b). The major source of scattering under control of the MBE grower is ionized impurity
scattering from intentional or inadvertent impurities in either the GaAs channel or substrate,
or the AlGaAs barriers. lonized impurity scattering is expected to be practically temperature
independent below 50 K. Thus, as the measurement temperature is reduced to a few degrees K,
ionized impurity scattering becomes more and more dominant over the rapidly falling effects
of optical and acoustic scattering, and it becomes readily possible to distinguish between
samples of differing quality. Figure 4.1b testifies to the progress over the years in reducing
ionized impurity scattering. L. Pfeiffer et al. also emphasize that ionized impurity scattering
imposes no fundamental limit on the low-temperature mobility. In principle, the unintentional
impurity content of the modulation-doped structure can be reduced indefinitely, and the
undoped setback can be increased greatly so the mobility could yet rise by orders of magnitude
at sufficiently low temperatures for sufficiently perfect samples [141]. On the other hand, at
high temperatures, polar-optical-phonon scattering is the dominant scattering mechanisms
and drastically reduce the modulation-doped GaAs mobility. This very large mobilities are
possible because the heterointerface quality is excellent and the crystal periodicity across the
interface is not disrupted. In fact, The lattice constant between of AlGaAs and GaAs matches
within the 0.5%.
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Figure 4.1: a) A sketch of the conduction
band structure of a GaAs/ AlGaAs hetero-
junction showing the confined electron posi-
tion, the Fermi energy, the distance between
doping position and interface (spacer) and
the position of the Si-doped atoms. b) Hall
mobility temperature dependence of the his-
tory of modulation-doped GaAs (from Ref.
[141], Rights managed by AIP Publishing LLC.
At high temperatures, y is limited by scatter-
ing with photons of the bulk. At the lower
temperatures, u is limited by impurities and
defects.

Figure 4.1b gives also a clear indication that the scattering mechanism in GaAs bulk is substan-
tially different from the 2DEG scattering. To put light on this behavior we need to consider that
various scattering mechanisms contribute to the mobility temperature dependence, which
according to the Mathiesen rule can be added up as scattering rates to give a total scattering
rate: 1/pu =) ;1/u;. Here some scattering type are listed, first discussed for the bulk 3D GaAs

case (Fig. 4.2a):

* Jonized impurities: it’s an impurity scattering and represent Coulomb scattering. This
scattering is particularly important at low temperature, where the kinetic energy is
small and electrons can be deflected by big angles. The temperature dependence of the
mobility is o T3/2log(T).

* Deformation potential: it's an electron-phonon scattering at the lattice deformation

(O( T—S/Z).

* Polar scattering. it’'s an electron-phonon scattering. GaAs is a polar crystal, lattice
vibrations are accompanied by oscillating electric fields, particularly strong for optical

phonons (x

T_I/Z).
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* Piezo-electric scattering. it’s an electron-phonon scattering. GaAs is also a piezoelectric,
meaning that a polarization field develops in response to a crystal deformation (o

T—I/Z)
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Figure 4.2: a) Experimental temperature dependence mobility of GaAs bulk materials, cal-
culated mobility curves for each scattering process acting separately and for all scattering
process combined (from ref: [143], Copyright ©1976 Published by Elsevier B.V.. b) Temperature
dependence electron mobility in GaAs/AlGaAs heterostructure. The experimental data are
obtained in the dark (black points) and under illumination (white points) with a spacer thick-
ness of 23 nm. The dashed line represent the different process and the continuous line the
combination of them (from ref: [144]), Copyright ©1984, American Physical Society, Copyright
©2011 American Physical Society.

Scattering in a 2D electron gas is different from the bulk case because the screening and
the phase space properties of the electrons are now 2D, while the scattering potentials are
still three-dimensional. Decay of the Friedl oscillations in 2D is weaker than in 3D. Also, new
scattering mechanisms arise due to the interface and remote impurities. Relevant mechanisms
include (Fig. 4.2b):

* Impurities: now the ionized donor are spatially separated from the 2DEG by a spacer
layer. The small residual donor density can be improved by simply obtaining cleaner
materials. In principle to reduce the impurity scattering one could increase the spacer in
order to put further away the donors. This would be correct, but the increasing thickness
of the spacer would decrease the electron density. This effect will be further discussed
in the next section.
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4.2. Modulation doping simulations of the nanowires geometry

* Interface roughness: Interface imperfections and roughness represent deviation from
the perfect crystal and can therefore create scattering.

* Inherent limit. the mobility that would result in a sample without the background
impurities but including the remote donors.

4.2 Modulation doping simulations of the nanowires geometry

The modulation doped geometry can be reproduced in NWs by the use of radial heterostruc-
ture. In particular, in this thesis we study GaAs/ Al Ga,;As modulation doped NWs as
represented in figure 4.3.

GaAs capping layer

Figure 4.3: Schematics of a modulation-
doped radial heterojunction. A GaAs core
NW is covered by a AlGaAs shell, which is ei-
ther n- or p-doped in the middle and capped
by an additional GaAs layer. Eventually, an
electron or hole gas forms in the core at
the heterointerface with the AlGaAs shell.
Reprinted with permission from [12] copy-
right ©2011 American Physical Society.

One of the first theoretical paper was published in 2011 by Bertoni ef al.. They perform
calculations to determine the electron and hole gas distribution in the NW. They observed
that electron and hole gases can be tuned to different localizations and symmetries inside the
NW core in function of the doping density and gate potential [12]. Electrons do not form a
uniform 2DEG localized at the GaAs/ AlGaAs interface, but rather show a transition between
an isotropic cylindrical distribution and a set of six quasi-1D channels at the core hexagonal
edges. These and new calculations have been done in this thesis by the use of nextnano®
software, which consists of a Schrédinger-Poisson solver for modeling semiconductor NW
structures.

4.2.1 Doping concentration

Now we consider a n-doped modulation doping NW. The geometrical parameters used in the
calculations are reported in Table 4.1.

We investigate the electron density as function of the doping density (p), the doped layer width
(w) and the doped layer material (AlGaAs or GaAs). Figure 4.4a shows a sixfold symmetry where
quasi 1D channels are localized at the NW hexagonal edges. The charge density resembles
a set of coupled quantum wires more than a 2DEG. Indeed while most of the charges are
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Region Thickness
[nm]
Core radius r 40
AlGaAs spacer (d) 1-30
Doped layer (w) 3-10
AlGaAs capping 25
GaAs capping 7

Table 4.1: Radial dimensions of modulation doping NWs used in the calculations. The AIGaAs
spacer and the AlGaAs doped layer thickness are respectively between 1 and 30 nm and 3
and 10 nm.

confined in relatively narrow channels at the edges, only a minor part of charges sits on
the facets. This charge distribution is the result of high doping concentration (p = 10-10'®
cm~3) and a relatively small doped layer (w = 3 nm). A reduction in p, from 10 to 5-10'8
cm™3 (Fig: 4.4b leads to a dramatically different electron distribution. For lower doping the
charges are not anymore confined at the edges but instead they are localized along the full
GaAs/AlGaAs interface leading the formation of a cylindrical 2DEG. As doping is reduced to
3-10'® cm™3 (Fig: 4.4c, the electron distribution loses any localization at the interface and
becomes homogeneous in the core.

Another important aspect is the absolute value of the electron density. Because of the NW small
dimensions, an electrical current can be obtained only for high charge density concentrations.
In order to have carrier concentrations p above 10'7 cm ™3 the silicon doping concentration
needs to be higher than 5- 108 ¢cm=3. In practice, for high Si concentrations, Ketterer et al.
observe the formation of silicon pairs and thus compensation [107]. This is related to the
Coulomb interaction between charged defects during growth and limited the maximum free
carrier concentration. Because of this limitation, increasing the Si doping above 3 - 10'® would
not have a corresponding effect in the increase of the electron concentration. To overcome this
problem, we expand the doped layer (w) instead of increasing the doping concentration (p).
Figures 4.4d, e and f show respectively the electron density distribution for modulation doping
NWs with a shell thickness of 3, 5 and 10 nm and a Si doping density of 10, 5 and 3 -10' cm 3.
In this way we compensate the reduction of the doping with a thicker doped region leading to
a similar electron concentration for all the three configurations. The geometry "f" correspond,
then, to the ideal case in terms of device electrical properties and maximum physical doping
efficiency.

Itis important to mention that the thickness of the doped layer cannot be indefinitely extended.
Larger is the thickness, more the electrons will tend to stay in this doped region instead of
migrate into the NW core. With 10 nm thick doped region already 10% of the carriers are
confined in the doped shell and this percentage is increasing fast for larger thicknesses.

In figures 4.4g, h and i is shown the electron concentration of NWs with the same geometry
and doping concentration of the previous figures 4.4d, e and f, but with a doped GaAs layer
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Figure 4.4: Electron density profile in MD NWs. The doping concentration is 10-10'®, 5-10'8
and 3-10'® cm™3 respectively for the first, the second and the third column. In a, b and c the
AlGaAs doping layer thickness is 3 nm; in d, e and f the AlGaAs doping layer thickness is 3, 5,
10 nm. In g, h and i the doped layer is GaAs and its thickness is respectively 3, 5 and 10 nm.
For all cases the spacer d = 10 nm. The NW cross section geometry is represented on the top
right of each figure.

instead of an AlGaAs one. Because Ga conductive band is lower than the one of AlGaAs, there
is a formation of the quantum well in the GaAs doped layer. Electrons will first occupy the
quantum well levels and then move to the core leading to the modulation doping behavior.
When the doped GaAs layer is 10 nm (Fig. 4.4i), there are enough states in this layer to allow a
large part of electrons to stay in the doped region instead of migrating into the core. In each
case we observe a lower carrier density than in the case of the AlGaAs doped layer.

In conclusion we have investigated how the doping concentration and the thickness of the
doped layer influence the electron density of a modulation doped NW. Considering the physi-
cal limitations of the doping efficiency related to the amphoteric behavior of Si in GaAs, we
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observed that the maximum number of electron is achieved with p = 3-10'8 ¢cm™3 and an
AlGaAs doped layer thickness of 10 nm (Fig. 4.4f).

4.2.2 Spacer width

The basic concept of modulation doping is to separate the 2DEG from the parents ionized
donors. This separation allows to limit the ionized impurity scattering from the remote centers.
Walukiewich et al. investigated the electron mobility in function of the distance, d, between
the 2DEG and the doped region [144]. For d < 10 nm the electron mobility decreases rapidly
with d. For d = 15 nm, the impurity centers, generated by the doping, are sufficiently far to
not affect the 2D electron mobility. Therefore modulation doping exhibits the higher mobility
for large spacer width. However, an increase of d leads to a decrease in the electron density,
which has a deleterious effect on conductivity. In NWs, we are particularly careful to have
as much carrier as possible in order to observe conductivity. Figures 4.5a, b and ¢ show the
electron density of a MD NW with spacer d of respectively 1, 10 and 30 nm. We observe that
by increasing d more carriers stay in the doped region instead of migrating into the core. For
d =30 nm around 40% of electrons are confined in the doped region limiting the performance
of the MD structure. In order to avoid this we believe that in modulation doped NWs the
optimal spacer is between 10 and 15 nm

Figure 4.5: Electron density profile in MD NWs in function of the spacer d calculated with
NextNano. d is 1, 10 and 30 nm in respectively a, b and c. The NW cross section geometry is
represented on the top right of each figure.

4.2.3 Al,Ga,_4As alloy composition

The Al concentration in an Al,Ga,_x As material has mainly two effects on modulation doping
structures: it changes the band gap of the AlGaAs layer and it affects the dopant activation
energy E,.

The band-gap energy of Al,Ga;_xAs depends on the Al concentration and it varies between
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1.42 eV (GaAs) and 2.16 eV (AlAs) according to the following equations:

{ X<045 Eg=1424+1247-xeV wn

x=045 Eg= 1.9+0.125-x+0.143 - x? eV

For x <0.45, Al,Ga;_,As has a direct band-gap, characteristic which is especially important
for optoelectronic properties. For x = 0.45 the band-gap is indirect. The AlGaAs band-gap
energy determines the position of the AlGaAs valence and conduction bands. In the het-
erostructure AlGaAs/GaAs, the AlGaAs conduction band is always higher than the GaAs one
leading to a migration of the free electrons from the higher energy compound (AlGaAs) to the
lower one (GaAs). Modulation doping structures (AlGaAs/GaAs) can then be realized for any
x > 0 but, since Al concentration also influence the quality of the contacts, in this thesis we
focus on small x values (0.20 < x < 0.33).

In the early 80s several works have been performed in order to establish the activation energy
of shallow and deep traps in AlGaAs bulk materials. In ternary compounds the electronic
properties of defects vary with alloy composition, but there are major discrepancies in litera-
ture regarding the activation energy levels in AIGaAs. For the purpose of this thesis we are
only considering the references more representative. In general in Al,Ga;_,As with x > 0.25
a large portion of dopants (S, Se, Te, Si, Ge and Sn) appear as deep centers with activation
energy ranging from 190 and 560 meV [145, 146]. It is thought that the reason that the con-
centration of deep states is higher than in GaAs due to the reactivity of Al. In contrast with
papers claiming a sharp change in E, by varying Al concentration [147], particularly relevant,
is the work by Schubert et al. in 1984 observing that the thermal activation energy of deep
donors in Al Ga;_As : Si does not significantly change with the alloy composition [148].
Temperature-dependent Hall-effect measurements were reported and analyzed for n-type
AlyGa;_xAs of composition 0 < x < 0.40 grown by molecular-beam epitaxy and highly doped
with Si (Si = 5-10'7 ¢cm™3). The thermal activation energy of the deep donor was determined
to be E; =140+ 10 meV. In this thesis we follow the results of Schubert et al. and we use
E, =140 meV.

4.3 Electron mobility in nanowires

In this section we compare the electron mobility of GaAs:Si n-doped NWs with the electron
mobility of n-type modulation doping NWs.

4.3.1 GaAs:Si nanowires

The GaAs:Si n-type doped NWs have been grown in our MBE with a core-shell structure: an
intrinsic core and a n-doped shell. The NW core has been grown at a nominal Ga growth rate
of 0.3 A/s, As, partial pressure of 5.5-107° Torr, at a temperature of 640°C and with 7 rpm
rotation. Then, the MBE conditions were changed in order to obtain the shell growth; gallium
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droplet was consumed, and the shell has been grown at the nominal Ga growth rate of 0.95
Als, As, partial pressure of 1.3-107° Torr and temperature of 465°C, with a nominal shell
thickness of 40nm. Silicon has been added to the process at the beginning of the shell growth.
The electrical contacts were made with Pd/Ge/Au (40/170/100 nm) directly in contact with
the doped shell.

The conductivity of GaAs:Si n-doped NWs is obtained by extracting the NW resistance from
four point measurement. Around 10 devices have been analyzed giving a conductivity of o =
5300 + 400 QO/ m. Figure 4.6a shows an example of I-V curves for 2 and 4 point measurements.
We can observe the non linearity of the 2 point measurements indicating that the contacts
are not ohmic. Therefore, we need the four points contacts method to extract the resistance
which is obtained by the reciprocal of the I-V curve slope. According to the MBE calibration
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Figure 4.6: a) I-V example of a GaAs : Si n-doped NW with 2 and 4 points configuration. The
non linearity of the 2 point measurements shows the contacts are not ohmic. b) Electron
distribution profile along the NW cross section. The simulation has been performed with
NextNano by assuming a shell doping concentration of 5-10'8 ¢ 3.

and the NW growth parameter, the n-type shell has a doping concentration of 5-10'% cm=3,
while the core is intrinsic GaAs. The electron carrier distribution in the NW is calculated with
NextNano considering the pinning of the Fermi level at the surface (0.5 eV) and a doping
activation energy of 6 meV (Fig. 4.6b). Electrons are spaced from the NW surface due to the
pinning of the Fermi level and a small part of carriers is localized in the intrinsic core region.
By integrating on a cylinder we obtain that 87% of electrons are confined in the shell and the
remaining 13% in the core.

The NWs mobility, y, is estimated from

H=" (4.2)

where 7 in the carrier concentration and e is the electron charge. We obtain a total NW mobility
@ =1000 + 100 cm?/V - 5. According to the work of Boland J. E et al., the electron mobility
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in analogues GaAs intrinsic cores is core = 2200 + 300 cm?/V - s [21]. We can then consider
that carriers traveling into the core have a different mobility than the ones traveling in the
doped shell, in particular we can think to have two parallel channels (the core and the shell)
where the total conductivity, o, is the sum of the individual conductivity, 0 = 0core + Ospeli-
This method allow us to determined the electron mobility in the doped shell pp,¢;; = 700 + 100
cm?/v-s. This result is consistent with literature values for thin films with analogues doping
concentration [149], and it is one of the highest mobility reported for GaAs doped NWs. These
good electrical properties are also an indication of the NWs high crystalline quality.

4.3.2 AlGaAs/GaAs:Si modulation doping nanowires

In modulation doped semiconductor heterojunctions the impurity scattering is reduced due
to the spatial separation between ionized (donor) impurities and electron carriers. In the
last years few groups have reported about electrical properties and mobility in AlGaAs/GaAs
modulation-doped NWs by the use of different techniques. In the late 2013, the group of Abstre-
iter demonstrated 1D and 2D free electron gases in modulation doping GaAs/ Aly16Gap.gs As
core-multishel NWs with a high electron mobility using spatially resolved resonant inelastic
light scattering and PL measurements. They obtained inhomogeneous electronic properties
along the individual NWs and in certain regions they estimate an electron mobility up to 5-10*
cm?/V -5 [13]. The same group in 2015 measured the field effect mobility of analogues NWs.
They observe the formation of a well-confined free electron gas resulting in a low temperature
electron mobility of 5- 103 cm?/V -5 [150].

A different approach was used by Michael B. Johnston et al. They employed optical pump-
terahertz probe (OPTP) spectroscopy to measure carrier transport and dynamics at room
temperature. As a non contact technique, OPTP spectroscopy circumvents the problems
associated to traditional contact-based electrical measurements. It offers a rapid noncontact
method of characterizing and hence further improving the electrical properties of NWs het-
erostructures. Low doped GaAs/ AlGaAs modulation doping NWs have been analyzed with
this technique and an electron mobility of 2200+ 300 cm?/V - s was found at room temperature
[21]. This value is high for GaAs NWs and they show that there is no significant degradation of
the electron mobility when compared to an undoped GaAs NW reference.

4.4 Conclusions

We have reported the basic concepts of modulation doping focusing the attention on the
doping and the structure geometry. We calculated the free electrons concentration in a
modulation doping NW geometry and we have observed the formation of confined electron
gas resulting in a 2D layer or six 1D electron channels depending on the doping concentration.
We have finally compared the electron mobility of a doped GaAs NW and a modulation doping
one. The mobility values for a GaAs:Si NW are calculated with electrical measurements to
be around 700 + 100 cm?/V - s. Literature values for room temperature modulation doping
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NWs mobility are around 2200 + 300 cm?/V - 5, confirming that these structures appear to be
excellent for retaining high electron mobility.
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Photonic-plasmonic coupling of GaAs
NWs and nanoantennas

The small dimensions and the unique opto-electrical properties render nanowires as excellent
candidates for electronic and photonic applications. Engineering the light interaction on the
NW using metal antennas opens up many new possibilities for the design of different devices
with desired properties.

In this chapter, we investigate the resonant coupling of semiconductor NWs and metallic
antennas and, in particular, we use Au dimer nanoantennas to couple light into GaAs NWs
and Au Yagi-Uda antennas to modify the nanowire directional emission. The precise control
of the nanoantennas position leads to the opportunity of engineering coupled systems able to
enhance the absorption of determined wavelength and polarization. In the first part of chap-
ter the state-of-the-art of interaction between NWs and metal nanostructures is described.
We then, demonstrate the plasmonic coupling between metal nanoantennas and individual
GaAs nanowires (NWs). In particular, by using dark-field scattering and second harmonic
generation spectroscopy in partnership with analytical and full-vector FDTD modeling, we
show controlled electromagnetic coupling between plasmonic nanoantennas and resonant
nanowires and show that we can tailor their nonlinear optical response by engineering tuning
the near-field plasmonic coupling regime. In the last part, we demonstrate the possibility of
controlling the directional emission of individual GaAs nanowires by coupling this emission
to Yagi-Uda optical antenna. In particular, we replace the metallic feed element of the nanoan-
tenna by an individual nanowire and measured the photoluminescence as a function of the
emission angle. The precise tuning of the dimensions of the metallic elements can lead to a
strong directionality of emission.

Publications:

A. Casadei*, E. E Pecora*, J. Trevino*, C. Forestiere, D. Ruffer, E. Russo-Averchi, E Matteini, G.
Tutuncuoglu, M. Heiss, A. E i Morral and L. Dal Negro Photonic-plasmonic coupling of GaAs
single nanowires to optical nanoantennas, Nano Letters, 14, 2271-2278 (2014)
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M. Ramezani, A. Casadei, G. Grzela, E Matteini, G. Tutuncuoglu, D. Ruffer, A. Fontcuberta
i Morral and J. Gomez Rivas, Hybrid semiconductor nanowire-metallic Yagi-Uda antennas,
Nano Letters, 15, 4889-4895 (2015).

*equal contribution.
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5.1 State of the art

5.1.1 Metallic nanoparticles: light interaction

The ability of metallic nanoparticles to efficiently absorb and scatter light has been well known
since the 4’ century. At that time, it was known that such particles, when properly sized,
would produce brilliant colors that would not degrade over time. This effect, was much
exploited for the fabrication of glass windows for churches and cathedrals. Despite their
extensive use, the physics behind this effect remained unexplained until 1857, year in which
Faraday performed the first extensive study on the subject. During his work, he observed
a clear link between the color of colloidal solutions, the metal and the fabrication method
employed for the production. Later, in 1908, Mie provided the first mathematical description
of the phenomenon [151]. However, even though Mie’s theory was able to explain the reasons
behind the different colors of the particles as a function of their size, a complete grasp of
the concepts was not yet achieved. After this pioneering work, a long time passed before the
concept of plasmons was proposed for the first time in 1957 by Ritchie [152].

Since the dimensions of metal nanostructures are smaller than the wavelength of the exciting
light, energy can be confined in a small spatial region through the local excitation of surface
plasmon resonances. The electric field of an incoming light wave on a metal nanoparticle
induces a polarization of the (free) conduction electrons with respect to the much heavier ionic
core. The positive charges in the particle are assumed to be immobile and the negative charges,
that is, the conduction electrons, move under the influence of external fields. Therefore,
a displacement of the negative charges from the positive ones occurs when the metallic
nanoparticle is placed in an electric field, that is, there results a net charge difference at the
nanoparticle boundaries. This, in turn, gives rise to a linear restoring force to the system.
As a consequence, a bipolar oscillation of the electrons is created (with a particular time
period), and this is known as the surface plasmon oscillation. Theories and experiments
agree that the shape, the material, the dimension and the dielectric environment are of
fundamental importance [153, 154]. When metallic nanoparticles are in resonance condition
they act as lenses and they can enhance the light absorption of solar cell devices [99, 155,
156]. In 2010 Atwater and Polman theoretically studied different geometrical configuration
in order to maximize the light absorption and reduce the energy lost using spherical gold
nanoparticles [157]. They described three ways (Fig. 5.1) of reducing the physical thickness of
the photovoltaic absorber layers while keeping their optical thickness constant.

First, metallic nanoparticles can be used as sub-wavelength scattering elements to couple
and trap propagating plane waves into the absorbing material; second, they can be used
as sub-wavelength antennas that localize the plasmonic near-field in the semiconductor
material and third, they can couple sunlight into surface plasmon modes supported at the
metal/semiconductor interface.

Once the potential of metal nanostructures became obvious, researchers thought of trans-
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Figure 5.1: a) Light trapping from metal nanoparticles at the surface of solar cell. b) Light
trapping by excitation of localized surface plasmons in metal nanoparticles embedded in the
semiconductor. The excited particle near-field causes the creation of electron-holes pairs. c)
Light trapping by the excitation of surface plasmon polaritons at the metal/ semiconductor
interface. From [157]. Copyright ©2010, Rights Managed by Nature Publishing Group.

posing the well-known concept of antennas in the radio wavelength regime to plasmonics. A
plasmonic antenna could in fact combine field concentration in the gap and localized surface
plasmon resonances in a unique device working in the visible range. The first demonstrations
of such a device appeared in 2005 [158, 159]. The experimental realization showed immedi-
ately the potential hidden inside the squeezing of light into the near-field. Very high fields in
the gap of the dipole/bowtie antenna were used for the first time and the expansion of the field
of plasmonics was almost instantaneous as several new applications based on the concept of
nanoantennas were proposed. The objective of optical antenna design is equivalent to that of
classical antenna design: to optimize the energy transfer between a localized source or receiver
and the free-radiation field. In certain recent studies, however, the term optical antennahas
clearly been stretched beyond its common definition in radiowave technology. An antenna is
not simply a resonator or a strong scatterer. Instead, it is defined by its function, namely as a
transducer between free radiation and localized energy. In analogy with the electromagnetic
antenna, we define the optical antenna as a device that converts freely propagating optical
radiation into localized energy, and vice versa.

Among several realizations of plasmonic antennas, dipole antennas have shown particularly
good performances in terms of field enhancement, light confinement and control over the
spectral features [160, 161]. In fact, these antennas have only two main geometrical parameter
that must be controlled, the arm length and the gap width. The first one determines where the
resonance will be in the radiation spectrum and the second controls the coupling between the
arms as well as the near-field enhancement. This simplicity implies robustness from the fabri-
cation point of view with evident advantages for the practical utilization of these structures
and their optical characterization. Figure 5.2 shows examples of dipole nanoantennas.
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Figure 5.2: Spatially resolved third-harmonic emission from five gold nanoantennas of dif-
ferent shape. (a-e) Scanning electron microscope images. (f-p) Measurement. The metal
nanostructures are scanned through the focus of an oil immersion objective (NA = 1.3) and
excited by femtosecond laser pulses in the near-infrared. Third-harmonic emission intensity
is depicted in a normalized color scale as a function of position, recorded for horizontal (f-k)
and vertical (I-p) linear polarization of the excitation. (q-u) Polar plots of the third root of the
measured third-harmonic intensity as a function of the polarization angle of the exciting beam.
(i-x) Boundary element simulations of the third-harmonic intensity for antenna geometries as
in the experiment with horizontal (i-v) and vertical (vi-x) polarization of the excitation. All
scale bars are 300 nm. Reprinted with permission from [160]. Copyright ©2012 American
Chemical Society.

5.1.2 Optical properties of semiconductor nanowires

The optical properties of semiconductor nanowires (NWs) are currently at the center of
an intense research effort due to their potential applications in a number of nanoscale
optoelectronic devices, such as tunable and enhanced light sources[19, 162, 163], solar
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cells[45, 164, 16, 165, 166] and photodetectors[94, 97], optical switches[167], non-linear de-
vices and modulators[168]. NWs with engineered composition, size and morphology offer the
possibility to control the electronic structure and the linear and non-linear optical properties
of semiconductor materials[169].

The interaction of light with NWs that have diameter comparable to optical wavelengths can
be described with Mie scattering theory, i.e, the solution of Maxwell’'s equations. This approach
has been used in literature to describe the extinction, scattering and absorption of plane waves
incident on a NW [98, 170, 171]. Analytical solutions are possible for an infinite long cylinder
in a homogeneous media, but numerical calculations need to be conduct for more complex
systems. An infinite long cylinder support waveguide modes, that will be further discussed
in the next chapter. These modes can be either bound to the cylinder and propagate along
its axis, or can radiate into the surrounding medium. In the first case we would have guided
modes particularly important for lasing [172, 173], in the other case leaky modes.

5.1.3 Nanowires and metal nanostructures: coupled systems

Recently, the engineering of NWs supporting distinctive resonances, like the ones predicted
by the classical Mie theory[174], has been proven as a convenient pathway to enhance light-
matter coupling[175]. Moreover, resonant metallic nanostructures supporting traveling or
localized SSPs have been deeply investigated as a powerful approach to manipulate optical
radiation at the sub-wavelength scale[176, 177, 178, 154, 179]. As shown in the previous para-
graph, plasmonic nanoparticle arrays and nanoantennas have shown the ability to strongly
concentrate and increase the intensity of local electromagnetic fields [180]. However, while a
significant amount of work has been devoted to the understanding of the optical responses of
individual semiconductor NWs and individual plasmonic systems, little is currently known on
their optical coupling regime and synergistic properties.

In 2011 C. Colombo and coauthors [99] investigated an hybrid system formed by a GaAs
NW with a radial p-i-n junction and metal nanoparticles. They observed that engineering
of light absorption in semiconductor NW through the leaky mode resonances can be tuned
by choosing the interaction with SPP modes on the particles. Light absorption intensity is
modulated by the effect of the substrate and the metal particles, but despite the intent to
enhance the NW absorption, the overall interference leaded a reduction of absorption in
comparison with the single NW absorption (fig: 5.3).

Colloidal arrays of plasmonic nanoparticles and lithographically defined metallic nano-
cylinders coupled to semiconductor NWs have been also explored. They constitute a novel
metal-dielectric interacting systems that enhance the optical response of their individual
components[181]. The combination of the mature semiconductor NWs platform with the
nanoplasmonics technology could potentially open the way to novel technological applica-
tions. These could open the possibility to leverage strongly confined optical fields in order to
manipulate the linear and nonlinear optical responses (i.e., scattering, absorption, emission,
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Figure 5.3: a) Simulation of the absorption efficiency for an NW with metal particles deposited
on the top facet with respect to the nanowire radius and wavelength. The different letters
label the resonant modes of the nanowire: H-hexapole, Q-quadrupole, D-dipole, DRs-dipole
red shifted. b) Plots of the absolute value of the magnetic field in the z-direction. The left
column shows the field patterns in a 266 nm diameter NW obtained without metal particles for
the different resonant modes while in the right one the modification of these patterns by the
metal particle is reported. The color scale used is the same for the picture in the left and in the
right column. ¢) Photocurrent as a function of the incoming wavelength for a bare nanowire
with a diameter of 266 nm (blue) and for a nanowire with a particle (red). d) Simulation of
absorption efficiency for the same nanowire diameter with (light blue) and without (magenta)
metal particles. From [99]. Copyright ©Institute of Physics and IOP Publishing 2010.

second harmonic generation) of semiconductor and metal structures at the nanoscale.

5.2 Sample preparation

GaAs nanowires were grown on Si(111) un-doped substrates by the Ga-assisted method in a
DCA P600 solid source MBE system[40, 39]. The growth paremeter were set in order to have

61



Chapter 5. Photonic-plasmonic coupling of GaAs NWs and nanoantennas

a rotation of 7 rpm, a flux of Ga equivalent to a planar growth rate of 0.3 A/s, a substrate
temperature of 640°C, and a V/III beam equivalent pressure ratio of 50. These conditions lead
to a GaAs diameter of around 55 nm and a length of 12 um. After the growth of the NW core, 4
nm Al,Ga;_,As and 3 nm intrinsic GaAs shells are obtained by turning growth conditions to
those corresponding to two-dimensional epitaxy[55], leading to an overall NW diameter of
around 70 nm. The concentration of Al(x) in the AlGaAs shell is around 0.3. This passivation
layer avoids the oxidation of the GaAs core surface, offering opportunities to investigate the
intrinsic properties of the material[125, 51]. We also investigated p-type Si doped GaAs NWs.
In this case the core has been grown with the same parameters described above and with an
additional flux of Si that leads to a doping concentration of around 5 x 10'® ¢cm 3. These NWs
have no AlGaAs capping shell, they are 12 um long and their diameter measures 70 nm. In our
work we compared both types of NWs and obtained identical outcome. This comparison is
important also in views of next stage experiments where the NWs are electrically contacted and
photoconductivity measurements are performed (chapter 6). Indeed electrical measurement
are only possible on doped NWs.

The NWs grow along the (111) direction, with six facets belonging to the (110) family. They
mainly present a zinc-blende crystal structure with 0 to 4 twins per um. This structure
also guarantees there is no orientation dependence in the SH-G. In addition we use circular
polarized light in order to avoid the effect of the directional polarization. To fabricate the
samples on the glass substrate we used electron beam lithography (Vistec EBPG5000) to
position the nanoantennas in close proximity to the NW surface and along its axis as described
in chapter 2.

Figure 5.4a displays a schematic of the structure of a representative plasmonic antenna-
coupled NW sample investigated in this study.

The nanoantennas consist of dimers of Au cylindrical nano-disks with 200 nm diameter and
30 nm of height. The nanoantenna feed-gap regions host the individual NWs. We varied the
gap distance from 500 nm to 90 nm in order to investigate the effect of tunable plasmonic
near-field coupling. For 90 nm gap the average distance between the nano-disks in the dimer
antennas and the NWs is of the order of just few nanometers, requiring an extremely precise
position control. The real devices present small deviations from the ideal geometry. These
discrepancies come from the variation in the NW sizes and from the alignment between wire
and nanoantenna arrays. In particular, the distance between a nanoantenna disk and the NW
can change up to 40 nm from the ideal geometry leading in some cases to the superposition
of the gold disk and the nanowire. Nevertheless, these NW misalignments do not affect our
experimental measurements. In fact, in our SH-G set-up we reduce local deviation by focusing
the laser light on the center of each system. Misalignments, if any, are negligible at these
locations. Some small deviations arise from the nanowire size. In fact, we observed a slight
tapering of our nanowires (diameter variation of about 5 nm from one side to the other of the
wire), and a statistical distribution of the nanowire diameter. In the optical measurements, we
analyzed nanowires having diameter in the range between 61 nm and 77 nm. The longitudinal
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Figure 5.4: (a) Schematic of GaAs NW coupled to nanoantenna with all the geometrical
parameters. SEM micrographs of (b) NW-coupled antenna with d = 500 nm, (c) NW-coupled
antenna with d = 200 nm, (d) NW-coupled antenna with d = 100 nm, and (e) NW-coupled
antenna with d = 90 nm. Copyright ©2014, American Chemical Society.

spacing (i.e., x-direction) of the nanoantennas along the length of the NWs is kept fixed to 840
nm. In Fig. 5.4 we also show the SEM images of the devices analyzed as a function of the gap
distance: d =500 nm (b), d =200 nm (c), d =100 nm (d), and d =90 nm (e).

5.3 Photonic-plasmonic coupling of GaAs NWs with disk nanoan-
tennas

5.3.1 Dark field scattering

We first investigated dark field scattering of individual NWs as well as antenna coupled NWs,
both numerically and experimentally. The single NW is a well-known optical system, accu-
rately modeled by analytical scattering theory in the limit of large aspect ratio.
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The scattering cross sections of individual NWs have been calculated using analytical Mie
theory under plane wave normal incidence (i.e., perpendicular to the NW axis) considering
a NW of circular cross section and incident unpolarized radiation. We have employed this
approach to better understand the physical origin of the scattering spectra of NWs. The fused
silica substrate is considered as an effective host medium with average dielectric constant.
Therefore, we modeled the responses of NWs on an actual silica substrate as well as of the
complex antenna-coupled NW structures were modeled by 3D FDTD analysis using the
commercial software package Lumerical FDTD Solutions.

The material dispersion parameters of the GaAs NWs and the fused silica substrate are derived
from Palik[182], while the optical dispersion of Au nanocylinders is modeled using experi-
mental data as reported in literature[182]. In the FDTD calculations, the simulation grid size
surrounding the Au nanoparticles and the NW was set to 2 nm in all three dimensions. We
used plane wave excitation at normal incidence (i.e., along the z-axis), as labeled in Figure
5.4a. Perfectly matched layer (PML) boundary conditions to ensure perfect absorption of
electromagnetic radiation at the simulation boundaries.

The spectra were acquired using an Olympus IX71 microscope with a 50x long-working dis-
tance objective (N.A 0.5) for collection of dark field scattering. The samples were illuminated
with a 100 W halogen lamp which was focused on the sample plane using a dark field con-
denser (N.A 0.92 —0.80). Scattered light was collected and analyzed with an Andor Shamrock
750 mm focal length spectrometer using a 600 lines/mm grating blazed at 500 nm. We
recorded the spectra with an Andor iDus CCD camera (DU420A). These were then background
corrected, and corrected for the excitation profile of the lamp and grating efficiency. Addi-
tionally, spatial filtering at the CCD detector was used for background noise reduction. The
calculated scattering cross sections are obtained by the average of two calculations carried
out under incident light longitudinally and transversely polarized with respect to the NW axis.
These were compared with experimentally measured dark-field scattering spectra obtained
under unpolarized light on the fabricated devices.

In Figure 5.5 (left panels) the calculated scattering cross-sections by the analytical Mie theory
and the 3D FDTD simulations are plotted for the isolated NW (a), as well as the antenna
coupled NWs (b-d). In the right panels the corresponding experimental data are shown. The
analytical solution (panel (a), dashed line) for the single NW features two main resonances
in the investigated range. A similar behavior is observed in the FDTD results (solid line),
which appear red-shifted due to the influence of the substrate. At shorter wavelengths a
narrow peak arises at 450 nm, which corresponds to a resonant feature in the GaAs optical
constants[182]. On the other hand, a broad resonant peak centered on 850 nm is also observed
in Fig. 5.5a, which is due to the NW leaky modes excited by the longitudinal light polarization.
The experimental data exhibit significantly broadened spectral features compared to the
calculated spectra. This is due to the finite cone of excitation angles used in the experimental
dark-field configuration. Additionally, this deviation can be caused by some differences in
the optical parameters of the fabricated material compared to the tabulated ones used in the
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Figure 5.5: The left panel shows FDTD simulated scattering cross section for a single NW
(a) and NW-nanoantennas coupled system with d of 500 nm (b), 200 nm (c), and 90 nm (d).
In panel (a), dashed line is the scattering cross-section by the analytical Mie theory. In the
right panel, correspondent experimentally measured dark-field scattering (e), (f), (g) and (h).
Dashed line in panel (a) is the analytical calculation of the Mie scattering resonances in an
isolated wire of infinite length. Dashed lines in panels (f-h) represent the deconvolution of
the experimental spectra into Gaussian functions. Note that the x-scale is different for the
numerical and experimental data. Copyright ©2014, American Chemical Society.

simulations. These could be originate by small variations in the diameter along the NW, by the
presence of nanoscale sections of crystallographic phases[183], or surface states. However,
the experimental scattering spectrum of the single NW qualitatively matches the theoretical
one obtained by the Mie theory and the numerical results by the FDTD.

In Fig. 5.5 we also investigate the NW response in the presence of the plasmonic nanoantennas.
In particular, by decreasing the antenna gap d we can gradually tune the electromagnetic
response of a single NW and achieve strong near-field plasmon (i.e., quasi-static) coupling.
Numerical calculations show additional bands appearing for the devices with nanoantennas.
They are related to the resonances of the antenna array as well as the coupling behavior of
the combined antenna/NW system. In particular, in Fig. 5.5b, a prominent peak emerges at
around 850 nm for d = 500 nm, where the NW-nanoantenna coupling is weak. We refer to this
situation as the weak plasmonic coupling regime. For the closest dimers separations, another
peak at longer wavelengths clearly emerges. This trend is confirmed by the experimental
data, where for d = 500 nm (Fig.5.5f) we observe only one peak, but for d =90 nm (Fig.5.5g
and Fig.5.5h) a broad band starts to appear in the infrared region. Due to the limited grating
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efficiency of our setup in this spectral region, we can only appreciate the onset of this new
peak in Fig. 5.5.

5.3.2 Near-field distribution

We performed 3D FDTD simulations in order to better understand the coupling behavior of the
complex antenna/NW system. We calculate the spatial distribution of the electric near-field
amplitude for the single NW and the different configurations of the coupled system. The FDTD
electric near-field distributions calculated in the horizontal plane of the array are plotted in
Fig. 5.6. a and b show the case of NW/antennas system with d = 500 nm at the peak of the
calculated scattering (A =850 nm). ¢, d, e, f and g show the case of d =90 nm for A =735 nm
and A =1165 nm.

Figure 5.6: Calculated electric near-field distribution of the nanoantenna coupled NW systems
plotted in the horizontal plane of the array (half-way up the cylinder in the z-direction).
Electric field intensity for the longitudinal (a) and transverse (b) polarization with respect
to the wire for d = 500 nm and A = 850 nm. In (c), (d), (e), (f) and (g) is represented the
longitudinal and transverse near-field distribution for d = 90 nm. In the case of (c) and (d) 4
is 735 nm and for (e) and (f) A is 1165 nm. The magnified region denoted by the dashed box
in panel (f) is plotted in panel (g). Copyright ©2014, American Chemical Society.

The field is plotted for (a,c,e) longitudinal and (b,d,f,g) transverse polarizations with respect
to the NW, as indicated in the figure by the white arrows. The coupling with the incident
light is very polarization sensitive due to the particular geometry of the NWs, several microns
long in one direction and with diameter of sub-wavelengths dimension. In high aspect ratio
NWs the longitudinal polarization is always more efficient then the transverse polarization in
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establishing the internal EM field. The smallest is the NW diameter the largest is the anisotropy
in the absorption behavior[184, 185]. For the weak plasmonic coupling regime (Fig.5.6a and
5.6b), the nanoantennas have only a small influence on the NW response for both longitudinal
and transverse polarizations.In addition, the EM field is concentrated into the NW only in the
case of longitudinal polarization. In this regime the nanoantennas are too separated from the
NWs to alter significantly their polarization sensitive optical behavior. A weak field modulation
due to the nanoantennas can be appreciated in the NW region in between the two metal disks.
In these spatial regions the field is less intense. This effect becomes stronger in the case of the
strong plasmonic coupling regime (Figs.5.6c,d,e,f).

Figure 5.6(c,d) plots the near-field distribution for the device with d = 90 nm excited with
longitudinal and perpendicular light at A = 735 nm. Here the nanoantennas clearly couple
to the NW for both polarizations. In the longitudinal polarization the plasmonic antennas
locally decrease the electric field intensity in the NW. This interference behavior leads to a con-
finement of the electric field between one dimer and the other (Fig. 5.6c). On the other hand,
for the transverse polarization, the field is strongly localized by the nanoantennas into their
feed-gap regions. In the case of longer wavelength, A = 1150 nm, the near-field distribution
for transverse polarization has a maximum peak that corresponds to an enhancement of the
electric field intensity of approximately 20 times compared to the incident one (Fig. 5.6(f,g)).
The coupling here is very strong and the electric field, usually confined outside the NW surface
for this polarization, begins to penetrate into the NWs (Fig. 5.6g). This enhancement of
the electric field inside the NW is confirmed also by second harmonic measurements later
discussed in the thesis.

We calculated the cross-sectional (z-y plane) electric field distribution along the dimer axis
to further investigate the electric field enhancement in the NW due to incident light with
both transverse and longitudinal polarizations. Figure 5.7a shows the maximum electric field
value (black) and the spatially-averaged electric field (red) calculated inside the NW region
as a function of the incident wavelength. Fig. 5.7b,c and d show the relative electric field
of an isolated dimer antenna with d = 90 nm, for the coupled NW/antennas system with
d =500 nm and with d =90 nm. In the case of isolated NW the electric field intensity inside is
very low for all wavelengths, around 0.5 of the incident light intensity. In Fig. 5.7b the dimer
antenna shows a plasmonic resonance and it concentrates the electric field within its small
feed-gap region. In the cross sectional plane analyzed, the nanoantennas are contributing
to enhance only the electric field induced by the transverse polarized light as shown in Fig.
5.6. For the coupled system with d = 500 nm the NW and the nanoantennas show only weak
coupling. On the other hand, for the coupled system with d = 90 nm the field peaks inside
the NW at 1165 nm reaches an enhancements of 5.5 times (with respect to the incident field)
close to the NW surface. The electric field spatial intensity profiles are also shown in the insets
in figure 5.7 at 1165 nm. These results indicate that the designed nanostructures offer the
possibility to tailor the electromagnetic coupling regime between NWs and nanoantennas.
Moreover, we have shown that the dimer antennas can strongly concentrate in the NW the
incident light with transverse polarization, which is normally only weakly absorbed. This
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Figure 5.7: Cross-sectional average (red) and maximum (black) electric field enhancement
values inside the region of the NW under incident light with both transverse and longitudinal
polarization. The graphs refer to (a) isolated NW, (b) isolated dimer pair with d = 90 nm,
(c) antenna coupled NW with d = 500 nm, and (c) antenna coupled NW with d = 90 nm.
Insets are electric field cross-sections, plotted at 1165 nm in log-scale for each configuration.
Copyright ©2014, American Chemical Society.

offers the possibility to manipulate the NW polarization response by tuning the gaps of the
nanoantennas. This new functionality can make these coupled systems ideal candidates for
engineered nano-photodetectors and more efficient NW-based solar cells.

5.3.3 Second harmonic generation (SH-G)

The second harmonic spectra measured for the investigated samples are plotted in Figure 5.8.
Figure 5.8a shows the spectrum of an isolated NW featuring a prominent peak localized at 880
nm. This correspond to the two-photon resonance of the E; inter-band transition in GaAs
bulk material[186, 187]. In the spectral range analyzed no other resonances are observed. For
the coupled NW-nanoantennas systems we note that some SH-G emissions could in principle
be generated by the gold nanodisks[188, 189]. Howeve we can neglect any contribution related
to the gold nanodisk in our structure. Indeed by comparing the SH-G of an isolated NW
(Fig. 5.8a) and the coupled system for d = 500 nm (Fig 5.8b), it becomes evident that the
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SH-G contribution of gold nanoantenna is negligible. In our system, the only role of metal
nanoparticles is to change the distribution of the electric field in the nanowire.
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Figure 5.8: Experimentally measured second harmonic generation spectra from NW only and
NW-coupled antennas with d = 500 nm, d =200 nm, d = 100 nm and d = 90 nm, as labeled
in the figure. Copyright ©2014, American Chemical Society.

We consider the effect of the electric field localization due to the nanoantennas as based by
two main contributions: one is related to transverse polarized light (perpendicular to the
NW axis), and the other to the longitudinal polarized light (parallel to the NW axis). Due
to the large aspect ratio, an isolated NW of sub-wavelength diameter is efficiently excited
only for the longitudinal polarization[97]. This topic will be also further discussed in the next
chapter. The nanoantennas investigated in this thesis are focusing the transverse polarized
light into the NW and on its surface. As shown in the simulation in Fig. 5.7d, at 1165 nm we
observe a maximum field enhancement of 5.5 at the NW surface. At this wavelength, for small
nanoantennas feed-gap distances, novel SH-G peaks appear. The measured intensity at this
wavelength scales with the gap d as follow: Is;,gjeyw = 0.8 uW, Ij=500 = 0.3 uW, I5=200 = 11
UW, Ii-100 =19 uW and I;-99 =23 uW. In order to estimate the electric field enhancement
measured by SH-G, we assume that the second harmonic intensity scales like E4, where E is
the maximum value of the electric field on the wire. We compare the isolated NW and the
coupled system for d = 90 nm and we estimate a maximum enhancement of 2.3, which is in
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qualitative agreement with the simulation data shown in Fig. 5.7. In Fig. 5.8e another peak
at 950 nm is observed. However, the intensity of the peak does not scale as predicted. We
think that it is possibly due to small deviations from the ideal system geometry. These small
perturbations in the system become more significant when the distance between the NW and
the nanoantennas is of the order of few nanometers.

The SH-G peak at 880 nm that appears for the isolated NW (Fig. 5.8a) is related to the excita-
tion of the transverse polarized light. By adding nanoantennas in the system, we observe a
reduction in the intensity of the peak. In principle, the absorption of longitudinal polarized
light is reduced due to the perturbing effect of the gold nanoantennas on the local filed distri-
bution along the nanowire (see Fig. 5.6c). Indeed, we notice that the distance between two
nanoantennas along the NW is 840 nm which corresponds to the wavelength of maximum
drop in the SH-G intensity (from 162 pW in the isolated NW to 0.01 yW in the coupled system
with d =90 nm). Our experimental data demonstrate that the distance between nanoanten-
nas along the NW also plays a significant role in the overall local field distribution and the
resulting SH-G intensity in the coupled system. This provides an additional degree of freedom
that needs to be taken into account. In the next chapter a deep investigation of d is performed
on bow-tie nanoantennas. This study is intended to bring more light into the design of such
complex nanosystems which could be useful for solar cells and photodetectors applications.

5.4 Controllingthe directional emission of GaAs NWs with Yagi-Uda
antennas

In addition to the coupling of incident light in nanostructures, in the past decade, many efforts
have been done to enhance the photoluminescence and modify the directional emission of
quantum emitters including quantum dots and fluorescent molecules [190, 191, 161]. Yagi-
Uda optical antenna is one of the remarkable systems showing pronounced directionality [192,
193]. The dielectric function of nobel metals including Au, Ag and Al causes the plasmonic
resonances occurring in the visible range of electromagnetic spectrum and leads to a strong
enhancement of spontaneous emission rate of the feed element. Subsequently, the scattering
of the feed emission with the antenna elements and the interference of scattered radiation
in the far-field lead to a strong directional emission, that can be controlled with the Yagi Uda
antenna geometry.

In this and the next paragraphs, we show how
replacing the resonant metallic feed element
of Yagi-Uda antenna by a non-resonant semi-
conductor nanowire we obtain a strong di-
rectional emission. The measurements have
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Figure 5.9: Schematic of nanowire/Yagi-Uda
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5.5. Results and discussions on NW/Yagi-Uda systems

rameters, we have fabricated two antennas

with different dimensions to direct the emis-

sion in opposite directions. The mechanism

leading to the directional emission is studied by means of the Finite-difference Time-Domain
(FDTD) method and the experimental radiation patterns were verified by simulations of the
far-field radiation patterns. The schematic representation of the nanowire-Yagi-Uda hybrid
system is represented in Figure 5.9.

5.5 Results and discussions on NW/Yagi-Uda systems

5.5.1 Fourier spectroscopy microscope

A Fourier microscope consists of an objective lens that focuses on the sample. Scattered
light or photoluminescence from the sample is collected by the objective. The operation of
the lens is like a Fourier transformer. It decomposes the waves to plane waves with defined
k-vectors, focusing them on the back focal plane of the lens. Each point on the back focal
plane corresponds to one k-vector in direction of emission. This directionality can be recorded
with CCD camera placed on the back focal plane of the objective. An interesting feature of the
Fourier microscopy is its shift invariance property. Since the Fourier pattern is dependent on
the direction of the signal coming toward the lens, the lens should not be focused precisely on
the emitter and it gives relatively high depth of focus to the microscope.
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Figure 5.10: Fourier microscope setup scheme. From [194].
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One crucial aspect in the Fourier microscope is angular acceptance of the objective lens. To get
the most of the information we need to collect light in the largest possible range of angles. To
achieve it, we need to use the objective lens with a high numerical aperture. In our experiment,
the nanowire is excited with a focused beam from a CW laser diode (1 = 785 nm) and we used
0.95 N.A., which allows to collect the light up to 72 °C with respect to the normal to the sample.
In the schematic representation of Figure 5.10, the experimental realization of the Fourier
microscope setup is shown.

5.5.2 Fourier spectroscopy measurements

The Fourier emission of a single NW exhibits circular symmetry with the intensity perpen-
dicular to the surface. This behavior is typical of the leaky mode emission in small diameter
nanowires where guided modes are not allowed [195]. On the other hand, when the nanowire
is coupled with Yagi-Uda antennas the directionality becomes strong. Two plasmonic anten-
nas with different geometrical parameters were fabricated. The SEM picture of the fabricated
antennas with the reflector length of 175 nm and 300 nm are shown in Figure 5.11a and 5.11d,
respectively. The reflectors of the two antennas have different lengths, hence, we call the
antenna with the length 175 nm as YU175 and the one with 300 nm reflector is YU300.
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Figure 5.11: a) SEM images of YU175 with the reflector length of 175 nm. b) Corresponding
radiation pattern measurement. Most of the radiation is directed toward the reflector (left)
and c) simulation of the radiation pattern. d), e) and f) represent respectively the SEM, the
radiation pattern and the radiation pattern simulations of YU300 with reflector length of 300
nm. In this second case the large part of the emission of the nanowire is directed toward the
directors (right). Reprinted with permission form [196] copyright ©2015, American Chemical
Society.
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Figure 5.11b shows the measurement of the radiation pattern in YU175. The directionality of
the antenna emission is toward the reflector element (- K), which is in opposite with respect
to the usual Yagi-Uda behavior. Moreover, weak directionality and beaming are obtained
by this device. By increasing the length of the reflector element to 300 nm in the YU300
antenna, the direction of the radiation pattern changes substantially to the right side along
+ K direction (Forward). The simulation of the radiation patterns (Fig: 5.11c and 5.11f) are
implemented by Finite-Difference Time-Domain method using Lumerical’s FDTD Solution.
The GaAs nanowire with the length of 6 um and the diameter of 70 nm is placed horizontally
on top of a silica substrate. On top of the substrate, air (n = 1) is considered as the surrounding
medium. The optical constants were extracted from [182]. An oscillating electrical dipole
along the long axis of the nanowire is considered as the emission source.

One criterion in the assessment of the antenna performance is the Front to Back ratio (F/B).
This factor is defined as the ratio between maximum intensity point along the radiation
direction to the intensity of the identical point on the opposite side. The F/B ratio for YU300
(YU175) is 4 (1.72) in the calculated radiation patterns and 1.78 (1.6) in the experiments. The
difference between the experimental and theoretical F/B values can be attributed to the
background intensity originating from the excitation of the nanowire in the far-field radiation
pattern. As discussed earlier, to simulate the radiation pattern of the devices, a single electrical
dipole is placed in the middle of the nanowire, oriented along its long axis. As a result, a local
excitation of the emission is considered. However, in experiment, the nanowire is excited by
the diffraction limit laser spot with diameter around 785 nm. This method of illumination
excites some regions of the nanowire relatively (around 300 nm) far from the Yagi-Uda antenna
and introduces a background intensity in directional emission measurement.

The change in directionality between the two Yagi-Uda systems is attributed to the the phase
difference between the reflector and directors. The necessary condition to have strong direc-
tionality relays in having an anti-phase conditions between the reflector and the first Yagi-Uda
director. This is achieved for YU300, while only weak directionality is observed in YU175 where
reflector and first director are in phase resonance [196].

5.6 Conclusions

In conclusion, we demonstrated photonic-plasmonic resonances of Au nanoantennas cou-
pled to a GaAs NW in a controlled and reproducible way. We used dark-field scattering and
SH-G spectroscopy in partnership with analytical and full-vector FDTD modeling to demon-
strate electromagnetic coupling between arrays of nanoantennas and individual NWs and
the NW near-field enhancement. We analyzed the system ability to tailor the nonlinear op-
tical response of individual GaAs NWs by engineering near-field coupling regime. These
findings represent an initial and very promising step towards the development of novel metal-
semiconductor resonant nanostructures. These hybrid systems leverage the plasmonic prop-
erties of metallic nanoantennas and the semiconductor NWs technology for the realization of
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high-efficiency solar cells, high resolution nanodetectors and nonlinear optical devices.

We have also shown a strong directionality in the emission by measuring the radiation pattern
of the Yagi-Uda antenna fabricated around a nanowire. We experimentally demonstrated
that the directionality can be modified by the geometrical parameters of the antenna. FDTD
simulations of the antennas shows an excellent agreement with the experimental data. The
obtained results can be applied to design and fabricate electrically driven optical antennas
based on semiconductor nanowires.
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Nanoantennas to control the
nanowire polarization response

One of the major challenges for NW full technological deployment, is their strong polarization
dependence in light absorption and emission. In the past, metal nanostructures have been
shown to have the ability to modify their light response. Today optical nanoantennas are used
to enhance the absorption and modify the polarization response of the system.

This chapter is addressed to enhance and optimize the absorption of a NW. To achieve this
we embed the NW in a bow-tie nanoantennas array. In the first part, the photonic properties
of NWs are illustrated. Particular attention is devoted on the analysis of resonant modes and
on the effects of the NW cross section and substrate. The bow-tie nanoantennas geometry is
designed around the NW using COMSOL Multiphysics in order to engineer a platform for the
NW absorption enhancement. The more significant parameters are used in the realization of
the physical devices and photoconductivity measurements have been performed. Measure-
ments and calculation show the possibility to enhance the NW absorption as well as invert
its polarization response. Finally, the photocurrent scanning map on the NW/nanoantennas
system is shown. Although the scanning resolution is of the order of 1 um, we can observe the
effect of the local field enhancement produced by the nanoantennas array.

Publication:

A. Casadei, E. Alarcon-Llado, E Amaduzzi, E. Russo, D. Riiffer, M. Heiss, L. Dal Negro and A.
Fontcuberta i Morral Polaritation response of nanowires a la carte, Scientific Reports, 5, 7651
(2015);

75



Chapter 6. Nanoantennas to control the nanowire polarization response

6.1 Introduction

NWs exhibit a highly anisotropic polarization response both in light absorption and emis-
sion: light absorption occurs preferentially for light polarization along the NW axis, with
some dependence on the diameter [97, 184]. This means that a NW responds mostly to
light polarized along its axis, and it is almost transparent for light polarized perpendicular
to the NW axis. Thus, almost half of all incoming light passes through a NW without ef-
fectively interacting. This anisotropy limits the use of NWs in some photonic applications,
such as photodetectors and solar cells [123]. Recent works have shown that the combina-
tion of semiconductor NWs and metal nanoparticles can enhance and localize the light
absorption[175, 197, 198, 158, 161, 199]. In particular, the results achieved in the previous
chapter of this thesis, have shown the optical coupling between disk-shaped nanoantennas
and NWs [200]. Some evidence of polarization dependent response have been reported by
the use of second harmonic generation. In this case, the electric field enhancement was only
observed in the infrared region and therefore the design was not suitable for photovoltaic
purposes. Another recent work on carbon nanotubes [201], shown an increase of Raman
scattering in presence of disk nanoantennas, but all these previous studies did not involve any
deliberate engineering of the absorption spectra or absorption rate.

In this work, we design a plasmonic antenna to directly counteract the characteristic anisotropic
polarization response of GaAs NWs. We olso carefully engineer the system in order to not
diminish the absorption rate of light polarized along the NW. We modified the NW polariza-
tion response up to the point of inversion and we enhanced the NW absorption in the visible
spectrum. We also calculated a NW absorption enhancement up to 15 times in the infrared
region. This design principle is not restricted to the materials and wavelengths under study;
these principles can be extended to other materials and other regions of the electromagnetic
spectrum. This platform benefits of the large parameter space for light absorption design and
the special opto-electrical properties of GaAs, such as a direct band-gap in the visible range,
high absorption coefficient and high charge mobility. This imply a very high potential for a
multitude of nano-optoelectronic devices.

6.2 NW photonics

A very attractive feature of NWs is that small structural changes can lead to dramatic changes
in their optical properties. As a result, NWs allow for modulation of optical properties and
thus enable efficient photonic devices. Different studies have shown that semiconductor
NWs can function as photonic waveguides [168, 179, 202]. They can also act as ultra-small
optoelectronic components in integrated circuits or nanolaser [203, 204]. In addition, NW
photovoltaic devices exhibit enhanced light absorption compared to conventional planar
devices due to highly confined resonant modes and large absorption cross section [170, 16]. As
aresult of resonant modes, they have the ability to selectively tune several or selected resonant
modes through morphological changes.
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6.2. NW photonics

Light absorption in NWs is described by several parameters: (i) the absorption coefficient, (ii)
the coupling efficiency between incident light and a NW, (iii) the spatial profile of resonant
modes, and (iv) the NW size-dependent optical antenna effect, which means that a NW
can interact with incident photons beyond its projected area. All these parameters together
compete to an overall enhancement in the absorption efficiency.

6.2.1 Resonant modes

In this work particular attention is given to engineer the electric field in the NW upon illumina-
tion. The generated photocurrent, which is the driving property of opto-electronic devices, is
proportional to the square of the local electric field. In contrast to a bulk structure, in a NW it
is less straightforward to predict the wavelength-dependent absorption, because of its optical
antenna effect and localized resonant modes. The optical antenna effect from a NW cavity is
one of the primary determinants of the absorption efficiency. These effects are maximized
at each resonance and they are enhanced with decreasing NW size [184]. Another important
factor affecting the absorption efficiency of a NW is the presence of localized resonant modes.
Since a NW can be regarded as a waveguide with a high refractive index, resonant modes
in a NW cavity can be identified using standard nomenclature (/, m) and according to their
polarization states, transverse electric (TE) or transverse magnetic (TM). In order to couple
effectively to resonant modes of a cavity, incident photons must satisfy stringent conditions
including momentum matching as well as frequency matching. For this reason, it is impor-
tant to note that not all calculated modes will necessarily appear in a measured absorption
spectrum. Figure 6.1 shows the absorption spectra (normalized on the NW volume and in
function of its diameter) of a single GaAs NW laying on a glass substrate under light polarized
perpendicularly to the NW axis. In general we can make the following considerations: (i) The
number of peaks in the absorption spectrum increases with the NW size; (ii) in a larger NW, all
the absorption peaks are red-shifted, while the mode profiles corresponding to those peaks is
preserved [98], and (iii) the maximum external quantum efficiency (EQE) amplitude for the
larger NW is decreased as compared to the smaller NW owing to a reduced optical antenna
effect [205].

6.2.2 Cross-section and substrate dependence

The aspect ratio and cross-sectional shape of a NW influence the type of resonance modes. In
particular if a NW is composed of highly absorptive material, the short attenuation depth of
photons will reduce optical feedback within the cavity leading to weak excitation of resonant
modes [170]. This is the case shown by Cao et al. in figure 6.2a, 6.2b and 6.2c, where the
amorphous Si NWs with different cross sections do not exhibit distinct absorption features in
current densities, absorption spectrum, or resonant mode profile. The difference in current
density results only in different cross sectional areas. On the other hand, if the NW is composed
by less absorptive material, the attenuation depth become larger than the NW size allowing the
excitation of defined resonant modes. In this last scenario, the cross sectional shape strongly
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Figure 6.1: Calculated absorption efficiency map of a NW laying on a glass substrate under
transverse polarized incident light. The white dots lines are guide to the eyes to indicate the
NW modes T Ey;, and TE;;. The absorption profile is taken for a NW with diameter of 150 nm
and the blue dots line show the guided modes position.

influence the NW optical properties [206].

Previous papers have indicated that the introduction of an appropriately designed substrate
can increase the NW absorption efficiency [207, 208]. In general, the substrate effect is more
pronounced for a NW than a thin film because of its good resonator properties. The substrate
enhances the amplitude of all cavity modes and in particular, the NW absorption efficiency
increases dramatically when it is positioned on metal substrate. In figure 6.2d the substrate
effects on the NW absorption is evaluated. The internal quantum efficiency (IQE) of a device
corresponds to the efficiency of light conversion once the light has been absorbed in the
device. The external quantum efficiency (EQE) refers to the one measured with respect to
the incident light. In planar solar cells, an anti-reflecting treatment is incorporated so that
the ratio EQE/IQE can be as close as 1 as possible. Heiss et al. in 2011 shown that the ratio
EQE/IQE, for GaAs NWs with diameter of 80 nm on ideally reflective substrate, reach 1.1. For
this conditions the NW will absorb more photons than what are geometrically incident to its
projected surface area.

Reflection losses can also be reduced by introducing a dielectric shell layer. The dielectric
coating assists photons trapping and reduces backscattering losses [209]. Essentially, a dielec-
tric shell on a NW increases the probability for photons to couple to the cavity leading to an
enhancement of current density.
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Figure 6.2: a) Simulated short-circuit photocurrent density /5. for one-dimensional amor-
phous Si structures of circular, rectangular, hexagonal, and triangular cross section as a func-
tion of size. The inset schematic illustrates the way to compare the size for different structures,
and the red arrow indicates the illumination geometry used in the calculations. b) Simulated
absorption spectra of these one-dimensional amorphous Si structures in a size lying in the
regime that corresponds to their second enhancement peaks shown in (a). Specifically, the
size is 180 nm for the triangular NW and 130 nm for all other structures. c) Calculated electric
field distribution (normalized to the incidence) of these structures upon the resonance corre-
sponding to the absorption peak at = 700 nm in (b). d) Ratio of external quantum efficiency to
internal quantum efficiency (EQE/IQE) in dependence of photon energy for cases of NW in
air (triangles), on glass substrate (squares) and on an ideally reflecting metal surface (circles).
The open symbols correspond to crystalline silicon NWs while the filled symbols correspond
to crystalline GaAs. The data shown corresponds to incident light polarized parallel to the
NW axis and a wire diameter of 80 nm The inset shows the calculated electric field energy
distribution for selected data points indicated by the arrows. a), b) and c¢) adapted from [170],
Copyright ©2010, American Chemical Society; and d) adapted from [208], Rights managed by
AIP Publishing LLC.

6.3 Geometry optimization of the nanoantennas

The interaction of incident light on the NW/nanoantennas system is calculated with COMSOL
Multiphisics by using the electromagnetic waves module and the frequency domain study
based on Maxwell’s equations. In particular we solve the following equation for the three
spatial dimensions:

vXu;l(vXE)—kg(er— )E:O (6.1)
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where p, =1 (for all materials) is the magnetic permittivity, E is the electric field, kj is the
wave-vector, e, and e are the relative and absolute permittivity and 0 = o3+ w-eg - €jmm is
the electrical conductivity. o is the static conductivity, it is negligible for GaAs, glass and air
and itis o5 =4-107 S/m in the case of gold. e, =(n—i- k)2, where n and k are the dielectric
real and imaginary part of the material and for gold and GaAs these values are delivered from
Palik[182]. Although the NWs have a 40 nm doped shell with a concentration of 2.2 x 108
atoms/cm3, the doping is only affecting the NW optical properties for wavelengths very
close to the band-gap[210]. Since in our work we are not interested in this particular task we
consider the doping effect negligible on the NW optical properties. Plane wave excitation is
perpendicularly incident on the NW-nanoantennas system, made of a hexagonal cross section
NW and bow-tie nanoantennas. The nanoantennas are designed with a rounded shaped edges
with 15 nm radius in order to better simulate the real device. Periodic continuity conditions
are introduced on the surfaces that limit the NW length in order to obtain an infinitely long
NW/nanoantennas array and the boundary conditions Ex = E, = E, = 0 are set along the
other external simulation surfaces. A free tetrahedral mesh is used for all the domains with
size below 20 nm in the NW and respectively larger sizes for nanoantennas, substrate and
surrounding air.

Figure 6.3a shows the range of geometrical parameters investigated in the calculations. Figure
6.3b) reports the energy density in a single NW and a device NW/nanotennas in function
of the NW diameter. For very small diameters (< 40 nm) the nanoantennas enhance the
energy density by more than 26 times. Despite the large energy density enhancement, GaAs
NWs with small diameter are not optimal candidates for the investigation of opto-electrical
properties. The presence of surface states generates a depletion region that completely inhibits
the electrical transport. On the other hand for big diameters (> 250 nm) the distance between
the two nanoantenna sides becomes very large, breaking the nanoantennas resonances and
leading to an inefficient coupling. For 150 nm in diameter we have the higher electric field
energy density and we then use this value for the device fabrication. Fig. 6.3c and 6.3d show
how the energy density changes in function of the nanoantennas size and thickness and the
dimensions selected for the devices fabrication are represented by the blue dashed lines. Also
in these cases the parameters chosen for the device realization are selected to maximize the
absorption.

The nanoantenna distance d is directly linked to their density along the NW. For small dis-
tances (d = 400 nm) the density is high, and therefore we expect the largest effects on the NW
absorption. We calculated the field energy density in the NW for the distance of 400 nm and we
find the largest absorption for transverse polarized light at A = 680 nm. Here we notice that the
total nanoantenna dimension along its axis is around 680 nm and only transverse polarized
wavelengths above this dimension can activate the antenna dimer and efficiently enhance
the NW absorption. For A below 680 nm the nanoantennas produce a small reduction in the
calculated absorption of the system, while for A > 680 nm the absorption enhancement is
extended to the infrared with some dependence on the nanoantennas density. As a general
rule, in order to enhance the absorption for smaller wavelengths, nanoantennas with smaller
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Figure 6.3: a) NW-nanoantennas geometry scheme. In bold are represented the range of
parameters we investigate in the simulations b),c) and d). Simulations show the electric
field energy density inside the NW for transverse polarized incident light with A = 680 nm in
function of NW diameter (b), nanoantennas size (c) and nanoantennas thickness (d). The
effect of the nanoantennas size (c) is also shown for A = 760 nm. The blue dot lines indicate

the parameter chosen for the realization of the devices.

dimensions need to be designed.
The absorption efficiency maps (fig. 6.4a - 6.4b) show the perfect dipole nanoantennas be-

havior. Bow-tie nanoantennas actively couple the incident light into the NW only when the
light polarization is along the nanoantennas dimer axis and they do not interfere in the NW
absorption of the light polarized in the perpendicular direction. In fact they are totally inactive
for longitudinal polarized light leaving unaltered the NW absorption but they are efficiently
coupling into the NW the transverse polarized light. The profile curves on top show the absorp-
tion spectra for the system d = 400 nm and d = 1000 nm, corresponding to the dimensions
used for the device fabrication. Finally we notice that the absorption efficiency profiles for
d = 1000 nm and transverse polarized light is perfectly homogeneous between 550 and 750
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Figure 6.4: Calculated absorption efficiency map for a NW/nanoantennas system on a glass
substrate as a function of the nanoantenna distance d (represented in the insets) for s-
polarization (a) and p-polarization (b). The intensity profiles are taken at 680 nm wave-
length and for d = 400 and 1000 nm. The dashed lines are used as a guide to the eye in the
identification of the guided modes.

nm wavelength.

6.4 Absorption in the hybrid system

The proposed system is presented schematically in Fig. 6.5a. In order to engineering the
NW spectra and polarization response we embedded a NW in a bow-tie antenna array . The
nanoantenna dimensions are chosen in the previous paragraphs to maximize the electric field
inside the NW. The nanoantennas height and width are set at 150 and 300 nm respectively.
These values optimization are linked to the NW diameter (150 nm) and they are designed to
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optimize the absorption of incident transverse polarized light. In addition, for the bow-tie
antennas to modify the light interaction with the NW, they need to be positioned as close as
possible to the NW [200]. In our case, the nanoantenna/NW gap is as small as 10 nm, which
corresponds to the finest fabrication precision available for us. Fig. 6.5b shows an example
of a fabricated device. We embedded a GaAs NW with a diameter between 140 and 146 nm
in a dense bow-tie antenna array and we electrically contacted it to allow photoconductance
measurements. In order to ensure ohmic contacts, a highly p-doped 40 (2 x 10'8 cm™3) nm
shell was added [51] using carbon as dopant. NWs present mainly zinc blende crystal structure
with few twins per um and a small tapering leading to around 10 nm of difference between
the top and bottom diameter. The devices were prepared by transferring NWs to a fused silica
substrate. Their position was localized by using an optical microscope and the pre-patterned
substrate. A glass substrate is preferable over an oxidized silicon wafer because it reduces
possible light interference effects [99]. A different substrate would influence the overall shape
of the response, though the bow-tie antennas would continue to enhance the NW polarization.
We designed the nanoantennas around the NWs using a custom-made fitting software. The
pattern encodes the relative position on the wafer and circular shapes recognition is used for
nanoscale alignment. The position is determined via shape recognition algorithms leading to
an accuracy between 10 and 50 nm. We used electron beam lithography (Vistec EBPG5000)
to position the nanoantennas along the NW axis in close proximity to its surface. Before the
exposure, a MMA and PMMA resist layer were spin coated on the substrate and the evaporation
of 40 nm of Cr was needed in order to dissipate the electron charges. The Cr was then etched
away and we evaporated 5 nm of Ti and 150 nm of Au after the developing of the resist. The
electrical contacts consist of Pd/Ti/Au (40/10/200 nm) metal layer in contact with the NW
doped shell leading [58].

For light polarized along the bow-tie axis, the antennas provide a strong energy confinement
in their gap [211]. By positioning a dielectric NW in the gap, the antenna resonances result in
an increase of energy field in the NW. In order to show this, we calculated the corresponding
light absorption and field energy distribution in a single NW, in bow-tie antenna arrays and in
a hybrid NW/bow-tie antenna system. These results are shown in 6.6.

The normalized calculated absorption spectra of a GaAs NW with a diameter of 150 nm and
hexagonal cross-section for light perpendicular to the NW axis is shown in Fig. 6.6a. The
absorption tends to decrease for longer wavelengths and we identify two absorption peaks
at 500 and 680 nm. These peaks correspond to photonic resonances in the NW and have
been studied extensively in the literature [98, 212]. Figure 6.6b depicts the light intensity
within the NW cross-section in these resonant cases. Because the NW acts as a cavity, we
obtain an absorption enhancement with respect to an equivalently thick film. The field energy
distribution profile and the in plane electric field lines indicate the presence of the TEy;
and TEp; coupled modes [213]. Figure 6.6c corresponds to the field energy calculations of
the bow-tie antenna arrays. On the vertical axis we change the system geometry by varying
inter-antenna distance. The electric field intensity is integrated on the volume corresponding
to the NW in the NW/nanoantennas system in order to represent the capacity of the antennas
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Figure 6.5: a) Scheme of the NW-nanoantenna system. The different colors in the NW are an
illustrative representation of the field energy distribution inside the NW during the excitation
of transverse polarized light. The red color indicates the highest field energy density and the
green the lowest. b) SEM image of a contacted NW embedded in a bow-tie nanoantennas
array. The NW diameter is 150 nm and the distance between nanoantennas is d =400 nm.

to concentrate the light. Overall, the capacity of the antennas to concentrate light increases
when their density is high. There are certain wavelengths for which this concentration is
remarkably enhanced. For example, we observe resonances at 660 and 770 nm for an inter-
antenna distance of 550 nm. In the system, the resonances move spectrally as a function of
the inter-antenna distance due to their capacitive coupling. Fig. 6.6d plots the square of the
electric field across the antenna gap for these resonances. Light is concentrated in the gap
region closest to the antennas. The absorption spectrum of the full NW when sandwiched
between a bow-tie antenna array is shown in Fig. 6.6e, as a function of the inter-antenna
distance. At large inter-antenna distances, the absorption in the NW is lightly affected. The
absorption is instead enhanced in the spectral region between 650 and 840 nm, by bringing
the antennas closer together. If we look now at the profile of the absorption modes in the NW
for an inter-antenna distance of 550 nm, we can see that the intensity of modes a1 and f1 has
changed. We also underline that for A = 840 nm, the nanoantennas generate an absorption
enhancement in the NW of 15 times. This enhanced point y3 exhibits an intensity profile
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Figure 6.6: a) Calculated absorption spectra of a GaAs NW of 150 nm in diameter laying on
a glass substrate. For the points a1, 1 and y1 the electric field intensity and the electric
field lines are represented along the NW cross section in b). ¢) Calculated field energy map
for an array of gold antennas on glass in function of the wavelength and the nanoantennas
distance d. d) Field energy distribution in the plane along the antennas axis corresponding to
the points 2 and y2. e) Calculated absorption map for the NW/nanoantennas system on a
glass substrate as a function of the nanoantenna distance d. The corresponding a3, 3 and
Y3 electric field intensity and in-plane electric field lines are shown in f). All the calculations
are made with perpendicularly incident transverse polarized light. Copyright ©2015, Rights
Managed by Nature Publishing Group.

similar to what it is expected from the antenna geometry.

We have calculated the field energy distribution cross section with and without the NW (Fig:
6.7) in order to highlight the nanoantennas ability to concentrate the incoming light into the
NW. We observe that the field energy distribution is concentrated along the gold antennas
edges A very small part of energy is localized in the middle nanoantennas gap (Fig. 6.7c). The
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Figure 6.7: a) Field energy map for transverse polarization in the system with only nanoanten-
nas in function of the wavelength and the nanoantennas distance. The electric field intensity
is integrated on the volume that would correspond to the NW volume in the system NW-
nanoantennas. b) Map of the NW absorption for transverse polarized light. c) and d) show the
field energy distribution along the system cross section for the corresponding white points of
figure a) and b).

GaAs NWs have a dielectric constant almost 13 times higher than one of the vacuum. Because
of this the NW embedded in the antenna array acts as a cavity and it collects the electric field
energy. In fig. 6.7, we observe that the absorption modes are wider and more pronounced for
the hybrid NW/nanoantennas system. The energy field distribution is localized inside the NW
beside to the antennas edges (fig.6.7d).

6.5 Photocurrent response

The absorption in the NW/bow-tie antenna system has been obtained by photoconductiv-
ity measurements. Photoconductivity measurements are performed with two point electri-
cal measurements. A superK Koheras continuous laser is used to excite the devices with
monochromatic light. Light is incident on the full hybrid system and the power is set constant
for all the wavelengths to 10 uW. We used an optical polarizer to change the light polarization
and a CCD camera is used to control the location of the incident light on the sample. During
the data acquisition we supplied a power with a constant voltage of 50 mV and we measure
the current passing through the NW.
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We have fabricated devices with various inter-antenna distances: 1000 and 400 nm. The
predicted absorption and experimental photoconductivity spectra of NWs for polarizations
along and across the NW axis are shown in Figures 6.8a-c and d-f respectively. Fig. 6.8a shows
the photoconductivity spectra of a single NW. As expected, we observe higher absorption for
wavelengths close to 500 nm and 650 nm, corresponding to the existence of optical guided
modes. As a consequence of the one-dimensional shape of the NW [184, 185], the absorption
is significantly higher for polarization parallel to the NW axis. In Fig. 6.8b we show that
the polarization anisotropy is suppressed by the addition of low dense bow-tie antennas
(d = 1000 nm). Moreover, this suppression is broad-band and is valid from 500 to 900 nm. By
bringing the antenna closer together (400 nm), we favor light absorption for light polarized
perpendicular to the NW axis, at least for the spectral range between 600 and 750 nm.

a) 1 T T ' T T T 7 b) T T ' T T T 7 o) T T L B
C SingleNW ] T[T d=1000nm7 1T d =400 nm’]
5| 15} 15t -
e[ ls [ le L o ]
2 2 2
< | 121 12 ¢ ]
0 | IR NS B 0 | U NN NS R 0 | IS RSN NS R
500 600 700 800 900 500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm) Wavelength (nm)
d) 25 T v T T T T T T E) T T T T T T T T f)25
— SingleNW [ 45| d=1000nmJ _
< 1z < |
?S’ £ §
S - = S
3 3 L 18
S 2 o
< o | <
o < y 4 o
O 1 1 1 1 n 1 1 Q'0 1 I n n 1 n O 1 L i i 1 i
500 600 700 800 900 500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 6.8: Calculated absorption efficiency spectra of a single NW a) and NW/nanoantennas
systems with antenna distance d = 1000 b) and d =400 nm c). The black points correspond
to calculation for light perpendicular to the NW axis and the red for light parallel to the
NW. d), e) and f) represent the photo-current electrical measurements of the corresponding
above calculations obtained for a laser power of 10 uW. In the insets the scanning electron
microscopy images of the analyzed devices. The lines between the points are guides for the
eyes. Copyright ©2015, Rights Managed by Nature Publishing Group.

In Figs. 6.8d-f we experimentally observe the predicted switched anisotropic absorption
through photocurrent measurements in real devices. Thanks to the addition of the bow-tie
nanoantennas close to the NW, we concentrate the incoming light and thereby we increase
the photo-current related to light polarized across the NW axis. Our calculation show that
light absorption can be enhanced up to a factor 3.6 with respect to a single NW in the spec-
tral region between 650 and 750 nm. In addition, the absorption for longitudinal polarized
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light is not significantly modified. The simulated absorption efficiency values can be quan-
titatively compared between all device configurations. In contrast, a direct comparison of
photo-current absolute values between different real devices is not possible. Changes in the
photoconductance and measured photocurrent between different devices can be attributed
to small variations in the NW diameter and distance between the contacts. For this reason, we
report in figures 6.8d, 6.8e and 6.8f the absolute values of the photocurrent. More than two
devices have been fabricated for each design and the results are consistent.

6.6 Photocurrent scanning map

Here we demonstrate that bow-tie nanoantennas are able to extremely localize the incoming
light into the NW. As a proof of increased photo-current in sub-wavelength NW regions we
performed photo-scanning electrical measurements. We use a piezo-stage to automatically
scan the laser spot around the device, while collecting the current at each position. The
scan was taken with steps of 200 nm. The laser spot on the sample is diffraction limited and
is approximatively 1 pm. This value will thus correspond to our lower-limit for the spatial
resolution. Therefore, in order to excite one nanoantenna at a time, only devices with d = 1000
nm have been analyzed.

By increasing the inter-antenna distance d, the nanoantennas loose most of their capability to
increase the absorption in the NW. However, still for d = 1000 nm there is an absorption mode
at A =750 nm that enhances the NW absorption efficiency. Therefore we set this wavelength
to investigate the photo-carrier generation in the system for both s and p-polarizations.

We report the photo-current map related to transverse polarized incident light at A =750 nm
in Fig. 6.9a. The GaAs NW and antenna positions have been overladed for clarity. The device
is excited by a laser power of 18 uW and 50 mV are also applied at the electrodes in order to
extract the photo-carriers. The blue region in the contour plot corresponds to the area where
the laser is not probing the NW, thus is related to the dark current. When the laser spot is on
the NW the current increases due to the generation of photo-carriers. It is worth to notice
that there is no Schottky barrier in proximity to the contacts, which indicates that any effects
related to the contacts can be excluded.

It is also interesting to notice that the photo-current is not homogeneous along the NW. In par-
ticular, we observe an enhancement of photo-current right in the vicinity of the nanoantennas
position. This trend is more clear by plotting the photo-current profile along the NW (Fig.
6.9b). We also include the photo-current profile given by longitudinal polarized light. At first
sight, one can already observe that the two photo-current profiles are different at the position
of the nanoantenna. In order to explain this phenomenon, let us distinguish between the
laser spot being on the nanoantenna (region 1) and when located between two nanoantennas
(region 2). In the profile for the s-polarised light, the photo-current is always enhanced in
regions of type 1, while is reduced in regions of type 2. We notice that, the nanoantennas
adjacent to the electrical contacts give a smaller contribution to the creation of photo-carriers.
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The close presence of the contacts change the light coupling which becomes less efficient.
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Figure 6.9: a) 2D photo-current map of a system d = 1000 nm with 6 nanoantennas repre-
sented in back. A super-continuum laser and a piezo-stage are used to scan the device with
incident transverse polarized light with A = 750 nm. The different colors correspond to differ-
ent photo-current levels: blue the lowest and white the highest. b) Current profile along the
NW axis for transverse polarized (black) and longitudinally polarized (red) light with A = 750
nm. The SEM shows the position of the contacts and the nanoantennas. On the left, the simu-
lated field energy distribution along the NW cross section for both polarizations in 2 different
positions: 1) on the nanoantenna position and 2) at half way between 2 nanoantennas. The
color scale is in logarithmic values.

6.7 Conclusions

We have demonstrated the control and engineer of the polarization and spectra response of
NWs through the coupling with a bow-tie antenna array. Calculations and photo-conductivity
measurements show that bow-tie nanoantennas behave like a dipole antennas. We also
show that when excited with transverse polarized light, nanoantennas plasmonic couple
with the NW. The NW/bow-tie antenna platform gives the opportunity to engineer a class of
devices with a light response that can be adapted the the technological need. The adaptability
and control of this design makes this platform an optimal candidate for engineering nano
opto-electronic devices like solar cells, photo-detectors optical switches, optical emitters and
modulators.

89






Conclusions

In this work, optical and electrical properties of low dimensional semiconductor nanowires
(NWs) were investigated. The main goal of this thesis was the understanding of the NW
physical properties followed by the engineering of new systems with desired characteristics.
A detailed understanding of the electrical transport and the NW light interaction are fun-
damental for the realization of NW based devices. In particular this work is dedicated to
the investigation of GaAs/AlGaAs heterostructure for high mobility nano-devices and hybrid
NW/nanoantennas system for light detection and emission.

In order for NWs to become a technological reality, control of the conductivity by doping is
extremely important. The incorporation paths of dopants in NWs have been discussed in
the last few years, with a goal of controlling their concentration and position in the NW. For
this, the understanding of the growth process is important. Bottom-up grown NWs have been
grown via the vapor-liquid-solid mechanism in a molecular beam epitaxy (MBE) chamber.
It is generally accepted that the incorporation paths of dopants are similar from the growth
precursors and result either from the radial growth of the NW or through diffusion through
the catalyst. Still, one may consider a third path, which consists of the diffusion of dopants
in the core and/or from the shell to the nanowire core. The relevance of this path should
depend on the diffusion coefficient of the dopants and the growth temperatures used. Typical
dopants with a high diffusion coefficients in III-Vs are Be and Te. In chapter 3 we investigate
GaAs NWs doped with Be. The existence of this third path is found by means of conductivity
measurements on samples with doping concentrations ranging between 6-10'7 and 2-10'°
cm~3. On the other hand we show that Be atoms are mostly incorporated from the side facets
and that the incorporation through the Ga droplet is negligible.

In chapter 3, we report on the electrical properties of Carbon-doped GaAs NWs. As C is not
soluble in Ga, its incorporation in the nanowire core through the droplet remains difficult.
Our strategy is then to grow an intrinsic NW core and a doped shell around it. The growth of
the shell is similar to the thin film growth. Since in ambient conditions there is a formation
of a thin oxide layer on the GaAs NW surface, the Fermi level is pinned in the middle of
the band-gap. The existence of this region reduces the electrically active part of the NWs.
Here we avoid this problem by passivating the GaAs with a wider band gap semiconductor,
AlGaAs. We measure the carrier concentration, mobility and minority diffusion length for
core—shell GaAs NWs where the shell is C-doped at different concentrations. The effect of
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the surface states is evaluated by comparing the values for passivated and unpassivated NWs.
A priori, one would expect a higher mobility for passivated nanowires with respect to the
unpassivated, but we do not observe this. By calculating the electrical carriers’ profile inside
the NW, we observe two mechanisms that contribute to the observation of the highest mobility
in unpassivated NWs. First, the depletion region in unpassivated and low-doped NWs ensures
that carrier transport occurs at a certain distance from the surface and reduces the surface-
related scattering. Second, a higher proportion of the transport occurs through the undoped
core, which exhibits higher mobility due to the absence of dopants. The highest mobility (30
cm?/V - s) was obtained for unpassivated NWs with a doping concentration of 1.3-10'8 cm 3.
Finally, we obsereve a minority carrier diffusion lengths up to 190 nm for passivated NWs
with a doping concentration of 10'® ¢cm=3. This correspond to a diffusion increase of 10 times

respect to unpassivated NWs.

In chapter 4, we investigate the physical properties of modulation doping structure in the NW
geometry. Our simulations show that electrons can be localized in the core with a 3D, 2D or
1D distribution as a function of the doping concentration. In the ideal situation we would like
to have a large amount of carriers in the core, but technical limitation related to the growth
prevent having a highly doped Si shell. In this chapter we overcome this by increasing the
0-doped shell thickness from 3 to 10 nm. This change in geometry leads to a larger number
of carriers and leave the modulation doping principle of having carriers migrating from the
doped region to the core intrinsic region unaltered. Additional calculations demonstrate that
by substituting the AlGaAs doped shell with the GaAs doped shell, part of the carriers do not
migrate to the core and this number is directly linked to the thickness of the doped region. We
also observed that, in terms of carrier distribution, the ideal spacer between the GaAs core
and the doped shell should be less than 15 nm, confirming analogous results obtained for the
thin-film geometry. Michael B. Johnston et al. analyzed our modulation doped GaAs/AlGaAs
NWs with terahertz spectroscopy obtaining a carrier mobility of 2200 +300 cm?/V - s, which is
one of the highest mobility values obtained for GaAs NWs.

In chapter 5, we fabricate a hybrid system made of a single NW and an array of nanoantennas.
Although a significant amount of work has been devoted to understanding and manipulating
the optical responses of individual semiconductor NWs and plasmonic systems, little was cur-
rently known about their optical coupling regime. Here, we investigate the resonant coupling
of semiconductor NWs and plasmonic nanoantennas. We demonstrate photonic-plasmonic
resonances of Au nanoantennas coupled to a GaAs NW in a controlled and reproducible way.
We use dark-field scattering and second harmonic generation spectroscopy in partnership
with analytical and full-vector finite-difference time-domain (FDTD) modeling, to invetigate
the electromagnetic coupling and near-field concentration between nanoantennas and NWs.
Moreover, we show the ability to tailor the nonlinear optical response of individual GaAs NWs
by engineering their near-field coupling regime. A complementary work has been performed
with Yagi-Uda antennas and NWs. Yagi-Uda optical antennas are an example of a structure
showing a pronounced directionality of emission. We realize a hybrid semiconductor-metal
Yagi-Uda antenna by replacing the resonant metallic feed element of the Yagi-Uda by a non-
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resonant semiconductor NW. By using Fourier spectrocsopy, we observe strong directional
emission from this hybrid system. We also demonstrate that the directionality of the emission
is modified by varying the size of the Yagi-Uda elements. FDTD simulations of the emission
show excellent agreement with the experimental data. These results constitute the first steps
toward the realization of electrically driven directional antennas based on semiconductor
NWs.

In the last chapter of the thesis (chapter 6) we design a plasmonic antenna to directly counter-
act the characteristic anisotropic polarization response of GaAs nanowires, without dimin-
ishing the absorption rate of light polarized along the NW. This enables to engineer the NW
polarization response up to the point of inversion. It also allow to enhance the NW absorption
in the visible spectrum. Our calculation indicate light absorption enhancement up to 15
times in the infrared. This design principles can be extended to other materials and other
regions of the electromagnetic spectrum. Calculations and measurements show that bow-tie
nanoantennas couple plasmonically with the NW when excited with transverse polarized
light. The NW/bow-tie antenna platform gives the opportunity to engineer the devices light
response. The optimal opto-electrical properties of GaAs, such as a direct band-gap in the
visible range, high absorption coefficient and high charge mobility, imply a very high potential
of this platform for a multitude of nano-optoelectronic devices.
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