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| Abstract

For applications of nanowires in optoelectronic devices their controlled positioning onto
substrates during growth is often required, as well as the control of their polytype mixture and
strain state. Therefore a deep comprehension of the growth and preparation mechanisms is
essential. Multiple investigation techniques at the nano-scale have been developed nowadays
with the goal to correlate the structure and the physical response of nanostructures.

The first aim of this work is the structural investigation of individual nanowires grown on
GaAs substrates by molecular beam epitaxy. The specific positioning of the nanowires during
growth has been achieved by Au-implantation into the substrate. X-ray nano-diffraction in
grazing incidence diffraction geometry was used to investigate the in-plane strain at different
positions, along the growth axis of individual nanowires. It was found that the nanowires
are twisted about their growth axis with respect to the substrate. As expected, the crystal
lattice of the nanowires is totally relaxed. Under surface diffraction conditions, the upper
most layers of the growth substrate could be investigated at the same time. Here, regions at
different distances from the Au-implanted area revealed the presence of a compressive strain,
decreasing further away from the nanowire base.

In prior studies of semiconductor nanowires it has been shown that the value of specific
physical parameters strongly differ from bulk materials. For example, the high aspect ratio
and the mixture of polytypes can significantly influence electrical and optical properties
of GaAs nanowires. Moreover, nanowires standing in upright position onto their growth
substrate revealed their importance in modern devices. The second aim of this thesis is to
correlate the electrical and structural parameters of individual as-grown nanowires onto their
growth substrate. This was achieved by measuring the electrical characteristics of single
nanowires in a focused ion beam chamber; and by determining their polytype composition

using coplanar X-ray nano-diffraction. The nanowires measured showed differing electrical
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characteristics. These differences have been successfully correlated with the number of zinc-
blende and twinned zinc-blende units detected within single nanowires. The combination of
the described techniques represents the main challenge of this work. Besides the difficulties
of identifying individual nanowires in different experimental configurations; all electrical
characteristics, linked to the contacting procedure of the nanowire, had to be understood and
controlled.

Electronic and optoelectronic applications often require specific sample preparations. Those
may include the embedding of the nanostructures in a polymer matrix and the application of
a top contact. As a third aim, symmetric and asymmetric X-ray diffraction revealed indirectly
the presence of a preparation-induced average initial strain in the Benzocyclobutene polymer,
by measuring an ensemble of embedded GaAs nanowires. This resulted in uniaxial strained
embedded nanostructures, and was found to originate from the thermal processing of the
polymer. The detected compression was shown to decrease under X-ray illumination and
application of an external static electric field, which lead to the formation and reorientation of

polar sub-molecules in the polymer.



Zusammenfassung

Um Nanodrihte gezielt fiir optoelektronische Schaltungen anzuwenden, muss bereits beim
Wachstum auf deren genaue Positionierung auf dem Substrat, auf die Polytype Verteilung
im Nanodraht und auf dessen Verzerrungszustand geachtet werden. Deshalb ist ein tieferes
Verstdndis der Wachstums und Priaparationsmechanismen erforderlich. Der Einsatz einer
Reihe von Untersuchungstechniken auf der Nanosskala wurden entwickelt, um physikalische
Eigenschaften der Nanoobjekte mit deren Struktur zu korrelieren.

Das erste Ziel der vorliegenden Arbeit liegt daher in der strukturellen Untersuchung einzelner,
mittels Molekular Strahl Epitaxie auf GaAs Substraten gewachsener, Nanodréhte. In diesem
Fall wurde die Positionierung der Drihte iiber eine rdumlich selektive Implantation von Gold
Atomen im Substrat erreicht. Rontgenbeugung unter streifendem Einfall mittels eines Nano-
strahls wurde eingesetzt, um den Verzerrungszustand in der Substratebene an verschiedenen
Positionen auf dem Substrat und entlang des Drahtes zu bestimmen. Dabei wurde festgestellt,
dass die Nanodréhte entlang der Wachstumsrichtung leicht verdreht gegeniiber dem Substrat
wachsen. Wie erwartet ist dabei das Kristallgitter der Nanodrdhte verzerrungsfrei. Infolge
der extremen Oberflachensensitivitit konnten gleichzeitig die obersten Gitterebenen des
Substrats untersucht werden. Hierbei zeigte sich eine mit gréBer werdendem Abstand zum Au
implantierten Gebiet kleiner werdende kompressible Deformation.

Aus fritheren Untersuchungen an Halbleiter Nanodrihten ist bekannt, dass die Grée vieler
physikalischer Eigenschaften von der des Volumenmaterials abweicht. Zum Beispiel beeinflu3t
das grof3e Seitenverhéltnis und die strukturelle Mischung verschiedener Polytypen signifikant
die elektrischen und optischen Eigenschaften von GaAs Nanodridhten. Weiterhin spielt die Tat-
sache, dass die Drihte in aufrechter Position auf dem Substrate verbleiben kénnen, eine grolle
Rolle fiir deren Anwendung in modernen Bauelementen. Das zweite Ziel dieser Arbeit besteht

in der Korrelation von elektrischen und strukturellen Eigenschaften einzelner Nanodréhte in
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ihrer Position auf dem Substrat. Diese Korrelation wurde erreicht, indem die elektrische Cha-
rakteristik ausgewéhlter Nanodrihte in einer Fokussierten Ionenstrahl Kammer gemessen und
die Polytypzusammensetzung der gleichen Drihte mittels Rontgennanodiffraktion bestimmt
wurde. Die gemessenen Nanodrihte zeigen eine unterschiedliche elektrische Charakteristik.
Diese Unterschiede konnten erfolgreich mit der unterschiedlichen Zahl von Zinkblende und
verzwillingter Zinkblende Struktureinheiten innerhalb der Nanodrdhte korreliert werden. Die
Kombination dieser beiden Techniken stellte die gro8te Herausforderung dieser Arbeit dar.
Neben der Schwierigkeit der Identifizierung individueller Nanodrdhte in unterschiedlichen
experimentellen Konfigurationen, muf$ten die Einflulparameter der elektrischen Charakteri-
stik, einschiefilich der Kontaktierungsprobleme, verstanden und kontrolliert werden.

Elektronische und optoelektronische Anwednungen fordern sehr oft eine spezielle Proben-
praparation. Das schlief3t die Einbettung von Nanostrukturen in eine Polymermatrix und die
Kontaktierung derselben mit ein. Als drittes Ziel dieser Arbeit wurde mit Hilfe der symme-
trischen und asymmetrischen Rontgenbeugung nachgewiesen, dass Benzocyclobutene im
Resultat des Einbettungsprozesses gegeniiber dem eingebetteten GaAs Nanodrihten elastisch
verzerrt ist. Das Auftreten dieser einachsig deformierten eingebetten Nanostruktur wurde
auf den thermischen Prozessschritt bei der Einbettung zuriickgefiihrt. Es zeigte sich, dass die
festgestellte Kompression unter Bestrahlung mit Rontgenlicht und bei gleichzeitig angelegtem
elektrischen Feld zuriickging. Dieser Effekt konnte mit der Formierung und Reoriertierung

von polaren Sub-Molekiilen im Polymer erkldrt werden.
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Introduction

Among III-V semiconducting compounds, direct band-gap GaAs has a high potential for mod-
ern optoelectronic applications. Compared to common thin film technologies, the growth
and integration of GaAs nanowires (NWs) in real devices [155, 146, 28, 61] has proven to be
very advantageous [20]. This is due to the exceptional physical response of nanowires in terms
of mechanical, elastic, electrical, optical and many other properties. They are related to the
high aspect ratio, the shape and size, and the composition of the structural polytypes, which
have an impact on the configuration of the semiconductor band structure, and consequently
on their characteristic physical properties. The typical geometry of NWs makes them suitable
candidates for integration on Si and Ge substrates, where the mismatch of lattice constants
is reduced by elastic strain relaxation at the interface substrate/nanowire, enhanced com-
pared to thin films [20]. The structure of the nanowires depends strongly on the growth and
preparation methods. A common growth method is Molecular Beam Epitaxy (MBE) in metal
catalysed [149] or self-assisted [29] configurations. Integration into real devices often requires
a control of the position and size of the nanowires on the substrate. In addition, specific
sample preparation, such as the embedding of the NWs in a polymer matrix [80] and the
application of metal contacts is essential. This implies a full understanding of the growth and

preparation mechanisms, which are still open questions.

The combination of different characterization techniques, to probe both the structure and the

physical response at the nano-scale, is crucial for understanding the origin of the outstanding



Chapter 1. Introduction

properties of the NWs.

Alarge variety of structural characterization techniques is available nowadays, among them
X-ray Diffraction (XRD), which has proved very useful for the investigation of nano-objects
without removal from their substrate. XRD reveals the composition and the strain state of
ensemble of nanowires, where the use of broad beams (>100 ym scale) provides average prop-
erties over a larger area of the samples under analysis. The availability of sub-micron-sized
X-ray beams at synchrotron facilities opened up the investigation of objects at the nano-scale
[39]. This allows the identification of the exact crystal structure and strain state in single
nanowires [12].

Techniques such as nano-indentation [52] and bending and tensile tests are applied in the in-
vestigation of the elastic, plastic and mechanical properties of single NWs [22] and micro-sized
objects [76], using Atomic Force Microscopy (AFM) or specifically-designed clamping devices.
Several studies relate the structural composition and size with optical and electrical responses
in both ensemble [138] and single nano-objects. In the literature, the optical response has
been probed in single NWs using for example Micro-Photoluminescence (u-PL), X-ray Excited
Optical Luminescence (XEOL) [99] and Raman Spectroscopy [91]. The different electrical
responses of single as-grown NWs were correlated by Timm [145] and Talin [143] with the sizes
of the diameters, using micro-contacting in a Scanning Tunneling Microscopy (STM) and a

Focused Ion Beam (FIB) chamber, respectively.

The first aim of this thesis was to investigate the structure of GaAs nanowires in their growth
position on the substrate using X-ray diffraction, in order to determine the crystalline qual-
ity and their strain state originating from the growth and/or the sample preparation. The
structure of single nanowires was characterized with a nano-focused beam of synchrotron
radiation in order to determine their out-of-plane and in-plane strain states and their polytype
composition. The second aim was to investigate the electrical response of single selected
nanowires and correlate the observed differences with their structural composition. Here, the
investigation of the electrical response and the structural composition of the same as-grown

nanowire constituted a remarkable challenge.



The thesis is organized in seven chapters. After the Introduction, Chapter 2 treats the main
applications of GaAs semiconducting nanowires, with particular attention paid to the electrical
properties, and describes the MBE growth technique. Chapter 3 presents the principles of
the kinematical theory of X-ray diffraction, together with the experimental technique and
geometries used, and a description of the experimental apparatus. Chapter 4 describes the
investigation of the in-plane strain in single GaAs nanowires on their growth substrate in
non-coplanar Grazing Incidence Diffraction (GID) geometry. The implantation of Au in the
GaAs substrate with a FIB was confirmed to be an effective method for defining the position
of single nanowires. The in-plane strain state was probed for the first time in X-ray nano-
Diffraction (n-XRD) in non-coplanar GID geometry. The technique made the identification
of single NWs in the unstrained condition possible, and allowed quantification of the strain
state affecting the growth substrate due to the metal implantation. Chapter 5 describes the
characterization of electrical and structural properties of single GaAs nanowires and provides
their correlation. N-XRD in asymmetric coplanar geometry allowed the measurement of
the structural composition of GaAs nanowires grown on a Si substrate pre-patterned by e-
beam lithography. Those measurements revealed the presence of vertically stacked units
of pure zinc-blende and twinned zinc-blende structures, the numbers of which have been
compared with the electrical response measured for the same single NWs. Chapter 6 reports
the strain state of ensemble nanowires embedded in a Benzocyclobutene (BCB) matrix, related
to the thermal processing of the polymer layer. The result presented was obtained after a
specific sample preparation, performed to contact the ensemble NWs, with the initial aim of
measuring the piezo-electric response to an applied static electric field. The result shows the
influence that the sample manipulation and contacting can have on the actual performance
of real devices.

The results are then summarized in chapter 7.
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GaAs nanowires

In chapter 2, the crystal structure of GaAs nanowires is described, together with the MBE
technique, which allows the growth of GaAs NWs. Furthermore, attention is given to the
physics of GaAs at the nanoscale: how and why the properties do change if the size of the
object lies in the sub-micron scale? The fields of application of semiconductor nanowires are
presented, with examples of existing devices and with particular attention to those based on
GaAs. In the end, the methodical background of diverse structural characterization techniques,
such as Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), Scanning

Tunneling Microscopy (STM) and Scanning Electron Microscopy (SEM), is described.

2.1 Crystal structure of GaAs nanowires

GaAs (symmetry group F43m) belongs to the group of III-V semiconductors. Bulk GaAs has
zinc-blende (ZB) structure; which is formed by covalent bonded Ga and As atoms, arranged
in two face centered cubic (fcc) cells, translated by one quarter of the cube diagonal along
the [111] direction. The cubic lattice parameters [94] are acyp;ic = beubic = Ceubic = 5.65 A with
a = =y =90°. In addition, a hexagonal structure can be introduced to describe the atomic
stacking, where the lattice parameters are ajexagonal = 3-99 Aand Chexagonal = 9-79 A[94]. In

GaAs nanowires the crystal structure adopts other atomic configurations, known as polytypes.



Chapter 2. GaAs nanowires

[111], [111]T
CWZ
‘ dcubic A/awvz
(a) Zinc-blende unit cell. (b) Wurtzite unit cell.

Figure 2.1: Ga atoms (in black) and As atoms (in blue) are visible in the cubic ZB (a) and the
hexagonal WZ (b) unit cells.

2.1.1 Structural polytypisms: wurtzite in GaAs

In semiconductor NWs growth along [111] direction, polytypes (or crystal phases) with the
same in-plane structure but different stacking sequences with respect to bulk are quite often
observed. Several polytypisms have been observed in III-V semiconductor NWs [79], and
among them the cubic zinc-blende and the hexagonal wurtzite (WZ) and 4H structure are
well known. The GaAs ZB and WZ unit cells are shown in Figure 2.1. ZB, 4H and WZ have
different stacking sequence along the growth direction: ABCABC, ABCBABCB and ABABAB,
respectively; where the A, B and C planes (figure 2.2) are constituted by bilayers of Ga and As
atoms. Kriegner [79] observed in InAs and InSb NWs that the presence of hexagonal bilayers
increases the interplanar distance of the layers along the [111] growth axis (~ 0.25% for InAs),
and reduces the in-plane lattice distance (~ 0.12% for InAs) compared to ZB. In addition, he
found a linear proportionality between the changes in lattice parameter and the fraction of
hexagonal bilayers within the unit cell [116], named hexagonality of the polytype. According
to this definition, ZB, 4H and WZ have an hexagonality of 0%, 50% and 100%, respectively.

During the growth, stacking faults and rotational twins may form. In particular, a rotational
twin is observed when the ZB stacking is mirrored at a twin boundary along the growth
direction. The resulting twinned zinc-blende (TZB) structure differs in azimuth angle by
180° with respect to ZB. This leads to the stacking ABCABACBA. In the specific case of this
thesis, GaAs nanowires may crystallize either in the cubic ZB and the TZB structure, or in the

hexagonal WZ phase [96].
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2.2. MBE growth and details on VLS growth mechanism

A C

AB

ABC

Figure 2.2: Top view of atomic closed packed layers (A, B and C) stacked along the [111]
direction as ABC and AB.

2.2 MBE growth and details on VLS growth mechanism

Semiconductor and metallic nanowires can be obtained both via top-down etching or bottom
up approach. The latter makes use of common epitaxial growth techniques, such as Chemical
Vapor Deposition (CVD) and Molecular Beam Epitaxy (MBE), which allow a good control of the
crystalline structure. MBE is one of the most common growth methods for ITI-V semiconductor
NWs. Here, the MBE growth will be presented, as the technique used for growing all the GaAs
NW samples measured and presented in this thesis. The typical fabrication methods for NWs

are the catalyst-assisted [149] and the self-assisted methods [29] (Figure 2.3).

In the first case, the NWs are grown using a catalyst material (such as metals, in particular Au).
The growth elements, Ga and As, supplied in the vapour phase are diluted in aliquid Au droplet
and grow as solid GaAs at its bottom. Therefore, this growth mode is named Vapor-Liquid-
Solid (VLS) mechanism. In more detail, the method makes use of a pre-deposited thin Au film,
forming liquid droplets after annealing [57], which act as the preferable sites for the nucleation
of the NW growth. The growth rate of the nanowires, together with the growth rate of parasitic
islands on the substrate surface, is determined by the contributions of the evaporated material
reaching directly the Au droplet or impinging on the substrate at non catalysed sites. In the
latter case, the material reaches the top of the NW through diffusion along the side facets.
The III-V NW growth is catalysed, because both the Ga and As components become over-
saturated in the liquid droplet. At this point, the condensation of the vapour species and the

precipitation of a solid phase at the particle-substrate interface takes place. In mononuclear
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Chapter 2. GaAs nanowires

approximation [45], the nucleation process occurs at the boundary between the droplet and
the NW top. This can start in two different positions: at the centre or close to the outer surface
of the droplet (known as triple phase line). The diameter of the resulting NWs directly depends

on the size of the catalyst droplet.

In the second case, the self-assisted growth, one constituent of the NW material replaces the
foreign metal in the seed function. The growth takes place in presence of a liquid droplet of the
group III element onto a Si O, layer, with thickness of tens of nm, previously deposited on the
growth wafer. Natural or patterned pinholes in the oxide layer act as nucleation centres for the
liquid droplet and interact with the reactive vapour component, resulting in the nucleation of

the NWs growth.

The VLS mechanism, mentioned above, can be explained according to thermodynamics.
Hereafter the leading concept is presented briefly. A phase transition takes place when the
system tends towards the thermodynamic equilibrium through minimization of the total

energy [147]. The Gibbs free energy
G*(p, T, Ny) 2.1)

can be introduced for the element a and the phase a, in an open system which has an exchange
of material and entropy with the environment. The term 2.1 shows a dependence on the
pressure p, temperature 7 and number of moles N,. The chemical potential u%, for element

a in phase a, can be defined as

aGa(pv t’ Na)

N, (2.2)

us(p, T) =

The equilibrium is reached when the total Gibbs free energy is minimized with respect to the
number of atoms of element a changing from phase a to another phase. This corresponds to
equal chemical potentials for the elements and phases present in the system. The difference
in chemical potentials is the driving force towards the equilibrium, as long as the mentioned
condition is not satisfied. The same concept holds in complex systems, such as during the
growth of GaAs nanowires. Here, the chemical potentials of the vapour, the substrate, the

atoms on the substrate surface (adatoms), the liquid droplet and the NW itself, have to be
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2.2. MBE growth and details on VLS growth mechanism

Figure 2.3: (a) Sketch of the Au-assisted MBE growth. A Au film is deposited on the substrate
surface, and after annealing the formation of Au droplets takes place. The growth starts when
Ga and As are supplied. (b) Sketch of the self-assisted MBE growth. In this case the growth
takes place in presence of an oxide layer. When Ga and As are supplied, Ga droplets form in
correspondence of natural or artificial pinholes in the oxide layer, and the NW growth takes
place in those positions.

taken into account.

It has been shown in literature [4], that local fluctuations of the number of Ga and As atoms and
the temperature during the growth may induce a change in the growth mechanism; and may
lead to the Vapor-Solid (VS) regime. The latter takes place when the catalyst liquid droplet is
consumed or replaced by a solid particle. It was observed that the orientation of the epitaxially
grown nanowires (NWs) follows the [111] crystallographic direction, corresponding to the
surface normal of (111) oriented substrates. The [111] direction is preferentially maintained in

the NWs growth, also in the case of substrates with different surface orientation [138].

2.2.1 Polytype growth selection

NWs grown by MBE usually show a random crystallographic composition, where an inter-
mixing of the two ZB and WZ polytypes is observed. Phase-pure NWs can be obtained under

specific growth conditions only [81], but usually stacking faults and twin planes modify the
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crystal structure [40]. Bonding arrangement and surface stoichiometry were found to play an
important role in the phase transition between ZB and WZ. Indeed, in bulk the ZB polytype is
favoured compared to WZ because of its lower cohesive energy (AE opesive = 24meV per pair
for GaAs [158]). This condition is modified in NWs, due to the high number of unsaturated
bonds (or dangling bonds) at the NW surface. The content of ZB and WZ polytypes in NWs has
been related to the contribution of the NW side facets to the total energy [88]. For hexagonal
WZ bonding, there is an additional contribution to cohesive energy, increasing linearly with
the diameter of the wire. In addition, surface orientation and passivation of dangling bonds
turned out to be energetically significant comparing the WZ with the cubic stacking. On
the other hand, in the Au assisted MBE growth of GaAs NWs on a GaAs substrate, Glas [51]
observed the presence of ZB mainly during the initial stage and at the end of the NW growth.
WZ appears when the supersaturation of Ga (and possibly As) is higher than the one of the
transient sections of the growth. This leads to the switching between ZB and WZ polytypes.
In the mentioned study, the inverse proportionality of the critical size of the nucleation sites
with the supersaturation suggests a preferential WZ growth for small nuclei, as it takes place at
the triple phase line. The growth of ZB and WZ depends on both the energy of the side facets
forming in the NW and the contact angle of the liquid droplet. Theoretical studies [138, 33, 69]
predict different electronic band structures for different crystal phases of the same material,
which may cause band offset at the polytype interfaces. Therefore, the control of the polytype
mixture is crucial to tune the structure [40], the strain state and consequently the physical

properties of the grown NWs.

Growth parameters of III-V semiconductor NWs, such as temperature (normally ~ 870 K for
GaAs), pressure and composite flux, play an important role in the growth process. Their precise
control is required to obtain specific heterostructures [40]. Fluctuations of the mentioned
parameters may be responsible for a change of the NWs diameter during the growth, often

resulting in tapered structures.

2.3 Physics at the nano-scale

A few physical properties of semiconductor nanowires may differ from those known from bulk

material. What does make nanowires exceptional? This is the motivation of present research
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projects in nanoscience. Measurements have been extensively reported in literature [14] for
a large variety of properties: ranging from mechanical, elastic and vibrational, to electrical
and thermal properties. Due to the high aspect ratio of nanowires, the surface to volume ratio
acquires great importance, as well as the size [90, 136] and shape of the object. As the surface
constitutes a break of the perfect crystal order, it is rich of defects, which originate electronic
states within the band gap of the material. This modifies the band structure; which is directly

related to the electronic properties of semiconductors.

Furthermore, the band configuration is modified by the structural composition of the nanowires;
for example, due to the presence of polytypes and twin defects. It was observed, that the
interface between different polytypes sections can affect the electronic and thermal transport

[155, 157].

The knowledge of the relation between structure and functionality is crucial to control and tai-
lor physical properties. However, it is very challenging to quantify the mentioned relationship;

and this usually requires the handling and measurement of single NWs.

2.3.1 Characterization at the nano-scale

Here, a few examples of techniques extracted from literature are presented. Particular attention
is given to techniques combining two or more characterization methods on one object. Nano-
indentation [130], bending and tensile tests [22, 76], and resonant excitation [151] have been
performed on a large variety of nano-materials. Chen [22] presented a study of individual
InP nanowires bent by an AFM tip (see section 2.5). Simultaneously, Raman spectroscopy
[22, 91] revealed a broadening of the measured signals, which was attributed to changes
of the NW strain state. The elastic deformation of single SiGe islands was investigated by
Scheler [130] with an AFM combined with in-situ X-ray Diffraction (XRD) (see section 2.5).
This showed a decrease of the probed lattice parameter of 0.6% under compression. Wang
[151] investigated the nano-mechanical response of carbon nanotubes and silica based NWs
in combination with in-situ TEM (see section 2.5). In that case, TEM revealed the exact
composition of the measured object. The elastic and bending moduli were obtained via

mechanical resonance, induced by the application of an alternating electric field with a
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Chapter 2. GaAs nanowires

frequency close to the resonance frequency of the system. Additional studies made use of
techniques, such as u-PL [36, 34] and cathodoluminescence spectroscopy [41]. The authors
revealed the importance of the structural control of semiconductor nanowires. Indeed, the
emission wavelenght can be controlled via the tuning of chemical composition and strain
of the single nano-object. Combination of structural and optical characterizations were
performed on single nano-objects, using XEOL [99, 100] and X-ray Fluorescence (XRF) [134].
Segura-Ruiz [134] evidenced a radial phase separation at the bottom of single MBE grown
InGaN nanowires using XRD. This was related to the different In content measured by XRF in
the same areas. Moreover, investigations have been reported on the electrical properties of as-
grown NWs and their correlation with the NW dimensions (diameter and length) [145, 90, 86].
Talin [90] published a study on the electrical characterization of as grown Ge nanowires. In
the mentioned paper, a dependence of the electrical characteristics on the diameter of the
nanowires has been described. The significance of surface effects, such as the recombination
time, is shown to be dependent on the diameters of the NWs, and reflects an increase of the

current at zero bias for decreasing diameters.

In the following sections, electrical, optical and thermal properties of GaAs nanowires will be

treated in detail; as they are important for the studies presented in chapter 5 and chapter 6.

2.3.2 Electrical and optical properties: the band structure

ZB GaAs is a direct band semiconductor with a nominal band gap of Eg=1.42 eV at room
temperature. In intrinsic bulk GaAs, the following electronic parameters have been reported
[66]: dielectric constant 12.9; intrinsic carrier concentration 2.1 10°cm ™3, intrinsic resistivity
3.3 10% Qcm, breakdown field 4 10° Vem ™!, mobility of electrons 8500 cm?V~'s™! and mobility
of holes 400 cm?V~!s™!. In NWs, the values of these parameters may vary by several orders of
magnitude according to polytype composition, defect density, and NWs volume-to-surface
ratio. As already stated, literature reports about the direct influence of the band structure on

the electrical and optical properties of the material [138].

The value of the band gap of the WZ polytype has been extensively investigated in the past

years [75, 21, 135, 82]. An agreement has not been reached so far, because of the strong
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dependence of the values extracted on the experimental parameters; and on uncertainties
related to the computational process. For example, Kusch [82] reported of an energy gap of ~
1.460 eV for WZ GaAs at room temperature. This value is very close to the one of ZB GaAs. In
addition, he observed a vertical offset of both the conduction and valence band of ~35 meV

compared to ZB GaAs.

From an electrical point of view, the high aspect ratio of the NWs compared to bulk has a
strong impact on the electrical parameters. The surface is a source of surface states, which are
localized within the band gap and are responsible for a pinning of the Fermi level. In practice,
those states narrow the actual conduction channel in the NW for the charge carriers, as they
induce the formation of a depletion shell. The effect of surface states was studied by Casadei
[17]. He underlined the importance of surface passivation on highly doped GaAs NWs (doping

1.3 10'8¢cm™3), in order to increase the value of the effective mobility of the charge carriers.

From the optical point of view, De [32] reported on the dependence of the polarization angle
(parallel or perpendicular to the growth axis) of the Photoluminescence (PL) emitted light
on the anisotropic character of the dielectric function of the WZ polytype, in free standing
III-V NWs. More in details, Hoang [7] determined the type of linear polarization of the emitted
light: it was mainly perpendicular to the growth axis for WZ and parallel to the growth axis
for ZB. Complementary, the same study [7] confirmed a staggered-type Il band alignment at
the ZB/WZ heterointerfaces. That means that the minimum energy of the conduction band
and the maximum of the valence band are located in the two different polytypes; implying a
longer recombination time and a reduced exciton binding energy [58]. Therefore, the interface
of ZB and WZ is of particular interest for understanding electrical and optical properties.
Recent studies reported on the influence of the polytypes mixture on the band configuration.
Spirkoska [138] studied the symmetry and the energy structure of the valence band in WZ,
and developed a theory to explain the difference in terms of shape and polarization detected
in the PL spectra of ZB and mixed ZB/WZ NWs. From the PL measurements of pure ZB NWs,
a single peak at ~ 1.515 eV represents the free exciton energy of bulk [112]. From the PL of
mixed ZB/WZ NWs, additional emission lines appear at lower energies. They are related to the
presence of the ZB/WZ heterointerfaces, where a recombination of the 'indirect’ excitons at

lower energies takes place.
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In pure WZ nanowires the presence of two states in the conduction band was experimentally
observed [135]. The first, the bright band, corresponds to the nominal conduction band of
ZB. The second, the dark band, is related to the states found in ZB along the [111] direction
[135]. In GaAs, the vicinity of the two conduction states in terms of energy makes it possible to
reduce the energy of one or the other band for example by strain changes. Signorello [135]
reported on the tuning of the photoluminescence signal through a strain induced transition
(minimum #0.12%) from a direct to a pseudodirect configuration. He used a tensile strain
to lower the bright conduction band, and a compressive strain to lower the dark conduction
band.

Demichel [35] studied the influence of the surface states on the optical properties. Non
passivated and passivated GaAs NWs (with a AlGaAs shell) were compared, and revealed
different transport mechanisms. In the first case, the defective surface states acted as charged
traps (charge trap density of 10'2cm™2) and caused a pinning of the Fermi level [131], with
consequent reduction of the width of the transport channel. In the second case, the surface

states were recombination centres for the free charge carriers [54].

2.3.3 Thermal properties

Important thermal parameters for bulk GaAs are the melting point 1500 K, the specific heat
0.33 Jg~'K~! and the thermal expansion coefficient a 5.73 10 °K~!. From the thermoelectric
point of view [23], GaAs NWs represent a good investment. Their higher boundary scattering at
the NW surface decreases the thermal conductivity compared to bulk, maintaining a constant
electrical conductivity. Soini [136] determined a lower thermal conductivity (between 8 and 36
Wm™'K™!) compared to bulk (55 Wm~'K™!), and the dependence on NWs diameter, analysing
tapered NWs (see section 2.2). As reported later (in chapter 6), particular attention has to be
accorded to the thermal expansion coefficient of the materials for electronic applications, to

allow the integration of the nanostructures without affecting the capability of the device.
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2.4 Applications

Semiconductor nanowires are crucial for the conception of integrated electronic and photonic
nanoscale devices. Possible applications belong to the fields of electronics, photonics and
optoelectronics. A few examples for GaAs-based NWs will be presented in order to emphasise

the need of tuning their structure and properties.

2.4.1 Electronic, photonic and optoelectronic applications

In recent years, the growth methods have been improved to grow axial [37] and radial het-
erostructures [123], and to tune the doping level of semiconductor nanostructures. They
combine materials with different properties (for example In, As and Ga composites), with dif-
ferent lattice parameters or with different doping levels. This allows to tune the band structure
of the final device, and produce the so called quantum wells and quantum dots structures, to
achieve quantum confinement [16]. Therefore semiconductor nanowires became important
in modern electronics, photonics and optoelectronics [155]. Hereafter four selected examples

are presented: transistor, laser, light emitting diode and solar cell.

Transistor

A remarkable application is the nanowire transistor. A transistor is a three terminal device,
which can act as a switch or an amplifier. It is commonly realized in a sandwich structure,
made of layers with different doping type (n-p-n and p-n-p) and/or different materials. In
those configurations, the change of the potential in each region will determine the rate of
charge carriers flowing across the device. Traditionally, two main types of planar transistor
exist: the Bipolar Junction Transistor (BJT) and the Field Effect Transistor (FET). The BJT is
constituted by a forward biased and a reverse biased junction, designed as a three layered
sandwich structure with two external doped regions (emitter and collector) a shared slightly
doped central area (base). The current flowing from emitter to collector is controlled by
the current in the emitter-base forward diode. The FET controls the intrinsic charge carrier
concentration within an internal conduction channel between a source and drain electrodes

at the extremities, by tuning the polarity of the central gate electrode on the top of the channel.
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The channel can originate from a p-n junction under inverse bias (Junction gate Field-Effect
Transistor (JFET)), a metal/semiconductor (MS) junction (Metal-Semiconductor Field-Effect
Transistor (MESFET)), or a capacitor (Metal-Insulation—-Semiconductor Field-Effect Transistor
(MISFET) and Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET)). An important
parameter, for the characterization of those devices, is the transconductance G,. It is the
change of the source-drain current I for a fixed drain voltage Vp, as a function of the voltage

on the gate Vg:

olp

. (2.3)
6VG ) Vp=const

o

Tomioka [146] developed a high performance surrounding-gate vertical NW FET transistor.
The NW geometry revealed to be crucial to keep an optimal control on the gate, which is
provided from the wrapping of the InGaAs NW channel with a InP/InAlAs/InGaAs gate shell.
In addition, an increase of the transconductance (eq. 2.3) up to G, ~ 1.6mSum_1 is observed
in the core-multi-shell structures, compared to a simple InGaAs NWs device with G, ~

0.1mSum™"; as well as the reduction of the occupied area compared to planar transistor [141].

Laser

II1-V semiconductor NWs show a surface emitting lasing activity under optical excitation.
They are potentially miniaturized natural laser cavities with two natural hexagonal end facets
acting as reflecting mirrors. Lasers work on the principle of the stimulated emission, where
the transition of electrons is allowed among discrete energy levels and results in the emission
of electromagnetic radiation with a common phase relationship. Laser’s emission is character-
ized by spatial coherence, collimation and temporal coherence, resulting in a narrow emission
line. Depending on the material chosen, different emissions wavelength can be obtained: in a
spectrum extend from the ultraviolet to the visible region. Since the first applications of ZnO
[64] nanowires, other materials, such as nitrides and I1I-V semiconductors were successfully
prepared. Mayer [103] reports on lasing in the infrared region with vertical emission from
detached GaAs nanowires at room temperature. The GaAs active region was passivated with

an AlGaAs shell, in order to inhibit the non-radiative surface recombination due to the high
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density of defects state at the surface.

Moreover, the combination of photonics and electronics in the same device is possible thanks
to the application of III-V NWs, and their integration with common materials in electronics
(such as Si and Ge) [20]. The NW geometry is suitable for this integration both in terms of
lattice mismatch and of different thermal expansion coefficients. Recently Lu [92] reported on
the integration of InGaAs lasing nanopillars on a MOSFET. In that specific case the growth
took place at low temperature (680 K), in order to prevent damages in the device and keep its

performance un-effected.

Light emitting diode

Haraguchi [56] reports on the properties of GaAs nanowiskers, as light emitting diodes, with
intrinsic p-n junctions and the dependence of their infrared emission on the polarization. As
an example, light emitting diodes [118] are constituted by a p-n junction, where the excitation
energy of an electron from the valence band to the conduction band depends on the value of
the band gap Eg. Similarly, the combination of an electron from the conduction band with a
hole of the valence band will produce a photon with the same energy. When a current flows
through the device, the high recombination rate will lead to an emission with Eg energy. In
addition, in a direct band gap material, such as GaAs, the probability of transition is higher
compared to an indirect band gap material, where an additional phonon (lattice vibration) is
required. The interatomic bond distance of the constituents directly determines the width of
the band gap, this underlines the impact of the quality of the crystal lattice on the emission
wavelength. In recent years, diverse p-n junction configurations, such as core-shell and axial
heterostructures, have been developed. Those new geometrical configurations are shown
to influence the performance of the devices. Rigutti [124] reported on the correlation of
optical and structural properties of GaN/AIN core-shell NWs. In their case the core underwent
an uniaxial strain along the growth direction, which was responsible for a blue shift of the

photoluminescence, increasing with the shell thickness.
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Solar cell

Combination of materials of the III-V groups is common for photovoltaic applications [87].
In particular, materials in nanowire geometry are of great interest because of their large
surface area, the high aspect ratio and the possibility of creating ordered position-controlled
arrays. In many practical devices, for example solar cells [156], an arrangement of the NWs
at intentional sites may be required. Techniques based on the pre-growth patterning of a
catalyst mask material by electron beam lithography [109] and nano-imprinting lithography
[110] have been successfully applied in order to control the position of the wires accurately. In
addition, a method has been developed to define the positions of the single NWs by the direct
implantation of Au in the substrate, using a FIB system [50].

A solar cell works through the absorption of light and the production of excitons (electron-
hole pairs), the separation of the charge carriers, and the external extraction of the separated
carriers. Several geometrical configurations have been conceived for photovoltaic applications
up to now. The core-shell geometry is of particular interest, as it allows the light absorption
and the carrier separation to be decoupled axially and radially, respectively. This has the
final objective to obtain the same efficiency with less material. Colombo [28] published an
example of p-i-n GaAs NWs for the production of solar cell devices, which has been recently
characterized by Krogstrup [80]. The latter reported an apparent efficiency up to 40%. This is
due to an exceptional high light absorption, related to the vertical geometry of the NW, and

the increase of the absorption cross section at wavelengths close to the band gap.

From the previous information, it becomes obvious that the lattice mismatch with the growth
substrate and the high growth temperature are crucial for the integration of NWs in real
devices. Another important issue, due to the inhomogeneous structure compared to thin films,
is the metal contacting at the top of the nanowires. In the last few years, organic polymers,
BCB, poly(methyl) methacrylate (PMMA), and SU-8, have been commonly used as embedding
media for NWs devices [97]. The as-grown NWs are embedded in a polymer matrix onto the
substrate, in order to fill the empty spaces, and to contact the NWs top with a thin metal layer

(80, 146].
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2.4.2 Piezo-electric applications

Piezoelectric materials are perfect candidates for energy harvesting applications, because
of their ability to generate electric charge in response to a mechanical deformation. NWs,
showing a piezoelectric response, are promising building blocks for the fabrication of nano-
generators [59], and despite of the limits of such devices in terms of power output, strong
advancements are possible. In group III-V semiconductors, the inverse piezoelectric effect
arises from the lack of centro-symmetry along the [111] direction in the zinc-blende and
[0001] wurtzite crystal structures. Remarkable differences have been observed in comparison
to bulk materials. Minary-Jolandan [106] made use of Scanning Probe Microscopy (SPM) to
determine the piezo-electric coefficients of single GaN NWs. The result showed an increase
of up to six time the effect known from bulk. Moreover the impact of strain and composition
has been shown to influence the piezoelectric effect in alloys, such as InGaAs [105], often
used to structure quantum wells, wires and dots. In this context, Hocevar [61] reported on
the observation of a photoemission red shift (up to 14 meV) in GaAs/AlGaAs core-shell NWs.
He identified the tensile strain in the core along the [111] direction as the main origin; in
agreement with the dependence on the shell thickness. In addition, he speculated on the
piezoelectric effect due to an inhomogeneous Al composition in the shell. This lead to band
fluctuations along the NW axis, causing local shifts of the emission line. The determination of
the piezo coefficient in GaAs NWs revealed to be extremely challenging. Soshnikov [137] re-
ported on the measurement of the piezoelectric coefficient of ensemble GaAs NWs. He related
the unexpected high value compared to bulk, possibly to the high WZ content (dss yw =26

pC/N and d14pyx = 2.7 pC/N [5] with d33 = d—\/lg according to ref. [111]).

2.5 Selected techniques for structural characterizations

Application of NWs in real devices (presented in section 2.4) demands a homogeneous crys-
talline structure, free of defects, and tunable physical properties. Therefore, a large variety of
structural characterization techniques have been developed (figure 2.4). They are commonly
used for structural, elemental and morphological characterizations of single and ensemble

NWs. Among them examples of characterizations via TEM, XRD, AFM, STM and SEM will be
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reported.

Transmission Electron Microscopy (TEM) and High Resolution Transmission Electron Mi-
croscopy (HRTEM) [10] are widely used for determining the crystalline structure of single
NWs. In both cases the NWs have to be removed from the substrate and placed onto a spe-
cific TEM grid (holey carbon cupper grid), after mechanical removal or sonication [41] and
the subsequent dispersion in a solution (e.g. in isopropanol). HRTEM can be performed
on samples with thickness between 5 nm and 50 nm [93] in plan-view and cross-sectional
configuration, providing atomic resolution. It allows to determine with precision the position
of the single atoms in the crystal lattice, to visualize the atomic stacking and to identify the
diverse polytypes in the single NW structure. An example of a HRTEM and a TEM images is
presented in figure 2.4 (d). In combination with TEM, Energy Dispersive X-ray Spectroscopy
(EDS) can be performed to determine the elemental composition through the analysis of the
EDS spectrum and its characteristic X-ray fluorescence peaks. In first approximation, the

intensity can be related to the volume of the element inside the NW.

X-ray Diffraction (XRD) is a non destructive structural characterization technique. It allows
the determination of the polytype content in ensemble and single NWs, of the interplanar
distance and of the related strain state in crystalline materials. The technique will be presented

in detail in chapter 3.

Atomic Force Microscopy (AFM) [153] can provide the surface profile of the measured samples
with nano-scale resolution. It measures the force between a probing AFM-tip suspended
on a cantilever and the surface under analysis. It monitors the cantilever deflection due to
the inter-molecular force exerted between probe and sample. According to the sample-to-
probe distance tree operation modes can be distinguished. In the contact mode (probe to
sample distance < 0.5 nm), the close contact of tip and surface is driven by the repulsive
inter-molecular force. The tapping mode (probe to sample distance from 0.5 to 2 nm) is
characterized by an intermittent contact. In the non-contact mode (probe to sample distance
from 0.1 to 10 nm), the distance leads the inter-molecular force in the attractive regime. A
notable limitation of this technique is the tip convolution. It takes place when the radius

of curvature of the AFM-tip is comparable to the size of the imaged feature and influences
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Figure 2.4: Selected techniques for structural characterization. A ~80 nm long GaAs NW is
imaged with SEM (a) and AFM (b). Figure (c) shows the XRD diffraction pattern of reflection
(422) from a single GaAs nanowire measured with a nano-focused X-ray beam. The extraction
of structural parameters requires a specific data treatment. Figure (d) shows on the left a
HRTEM image of a single GaAs NW (wurtzite (WZ)) with a gold droplet, and on the right a
TEM image of a single GaAs NW with a Ga droplet. The shown images are published in ref.
[15]. Figure (e) shows the STM image of a single GaAs NW. The image is courtesy of Rainer
Timm and Martin Hjort and it is published in ref. [60].

the final sample image. AFM became a powerful tool in combination with other in-situ
characterization techniques, e.g. XRD. The unique combination allows mechanical properties
of single nano-structures to be studied. For example, a special designed AFM (X-AFM) has
been used by Scheler [130] with XRD, to probe the in-situ elastic properties of individual SiGe

self-assembled islands.

Scanning Tunneling Microscopy (STM) allows conductive surfaces to be imaged with atomic
resolution. It makes use of a conductive tip, brought close to the surface. The application
of a voltage difference, between probe and sample, allows the flowing tunnelling current to
be measured. During the scanning of the tip on the surface, the changes in surface height
and state density produce modifications in the measured current. STM with sub-nanometer
resolution was successfully applied by Timm [145] to characterize electrically individual InP

and InAs NWs, and showed a dependence on the NW diameter.

Scanning Electron Microscopy (SEM) provides the composition and topography of the mea-

sured samples. It makes use of an electron microscope, which collects the secondary electrons
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emitted from the interaction of a focused electron beam with the sample surface. The tech-
nique is widely used for imaging ensemble and single NWs. It allows, for example, the three

dimensional visualization of the NW side facets (figure 2.4 (a)).
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X-ray kinematic diffraction and syn-

chrotron radiation

Chapter 3 gives an overview on the reciprocal lattice of crystals and a description of the
basics of X-ray kinematic diffraction. Crucial for the success of the experiments presented
in this thesis is the investigation of single NWs. The particular method of characterization
will be described hereafter with details about the experimental apparatus and the sample

configuration.

3.1 Reciprocal lattice and crystal planes

After discovery of quasicrystals, crystals are defined as any solids producing a discrete diffrac-
tion signal [67]. However, for introducing crystal planes and reciprocal lattice, the former
definition of a crystal lattice, as the three dimensional periodic repetition of a basic structural
unit, is a valuable starting point. The basic structural unit is the smallest unit, the primitive
unit cell, defined by the basis a, @, ds, formed by the three vectors (primitive crystal axes)
and hosting one lattice point only. It is necessary to introduce more complex units, in order
to better describe the symmetric character of the crystal. In a unit cell containing n points,
the position compared to the cell origin is given by the vectors 7. To define a m!" unit cell
with a certain distance from the crystal origin, the cell can be associated with three integer
numbers my, mp, mg giving the distance m; @; + myd, + msds from the crystal origin. The
n'" atom position in this unit cell is given by R*,’,’l =midy + mpdy + madaz + iy, [152]. The 3D

periodic arrangement of atoms in a crystal makes the identification of crystal planes possible,
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with names and orientation specified by the Miller indices (h k1). Parallel lattice planes of the
same density of atoms and distance, belong to the same family, having notation {h k 1}. The
symmetry of a hexagonal crystal can be as well expressed by denoting the planes with four
indices (h kil), where i=(-h+k). The knowledge of the lattice constant and the Bravais lattice

[152] of the material allows the calculation of the interplanar distance dj,;, which is

bic _ a
dzzllc — (3.1)

and

dhexagonal _ a

- 3.2)
hkl
VA2 + kK2 + (D212

respectively for a cubic and a hexagonal crystal (those are the two types of crystal considered
in this thesis). Brackets as [h k1] indicate the direction normal to the specific sets of planes
indexed by (h k1). For X-ray diffraction, it is important to introduce the reciprocal lattice of
a crystal [3]. For a crystal lattice with vectors R in real space, a set of vectors Gin reciprocal
iG-R

space can be defined, such as e'~*, which is satisfied if the product is an integer multiple of

27. The reciprocal space vectors

— dz)(dg — a-EJ)Xdl — dlxdz
by =21 ——7—, by =21 ——F——, b3 =21——F—F— 3.3)
ay - (dy x az) ay - (dy x az) ay - (dp x az)

can be combined to express
G =hby + kby + Lbs, (3.4)

which is perpendicular to the planes {h k 1} and whose magnitude is related to the inverse of

the interplanar distance

2n
Gnrl = d_ (3.5)
hkl
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3.2 Basics of X-ray kinematic diffraction

The kinematical theory [3] will be used to explain the mechanisms of X-ray diffraction from
nanostructures. It makes use of the weak scattering approximation, neglecting multiple
scattering effects. Only for large crystals with a high degree of perfection, the mentioned
approximation is invalid and the so called dynamical theory steps in [6, 47]. In case of small
crystals, within micrometer size, the following approximations are valid: absorption is ne-
glected and the incident intensity is uniform for all atoms [53]. Based on the equation for the
scattering of X-rays from a single electron [152]; the total amplitude of the scattered X-rays for

a small solid crystal is given by

R oikR L
AR) = Agrop— fp(?)e”"rd? (3.6)
where R is the distance between sample and detector, Ay is the initial amplitude, ry is the
classical electron radius, P is a polarization factor which depends on the scattering geometry,
k is the wavenumber equal to 27” for elastic scattering, p(7) is the electron density of the solid
crystal, and 4 is the scattering vector § = Igf — k;j, with lgf and k; wave vectors of the incident
and scattered waves. This expression neglects multiple scattering effects and includes the
Fraunhofer approximation. In this approximation, both the primary and scattered waves can
be considered as plane waves, due to the small size of the crystal compared to the distance of
the X-ray source and the distance to the point of observation of the system. The integrated
intensity scattered by a small crystal is proportional to the total number of scatterers (electrons)
it contains. Measurable intensity in a specific region of the reciprocal space is observed in

case of
G =G 3.7)

(Laue conditions), forming a Bragg peak. In other words, the condition mentioned is fulfilled
if the components of the wave vector transfer equal the corresponding components of a
reciprocal lattice vector. In this case, the phase of the scattered waves sums up coherently and

produce an intense signal. The Bragg law, equivalent to the Laue conditions can be expressed

27



Chapter 3. X-ray kinematic diffraction and synchrotron radiation

as
nim‘eger/1 =2dpiSindp, (3.8)

where 7, eger is an integer number indicating the diffraction order and 6 (or ) is the Bragg
angle. In a crystal of finite size, a sum over all the electrons can be calculated by making use of

the translational symmetry to express 7 as
F=Footl + Tn+ s (3.9)

with the use of 7.j, 7, and r}', which indicate respectively the position of the unit cells, of the
atoms in the single cell and the electron distribution around the n atom. The mentioned sum
is
A(F) x Z(fp(f;l')elﬁ'fn dr,)eld Z ol Teent (3.10)
n cells

where the integral of the electron density is the atomic form factor f,(g), tabulated in ref.

[120]. The equation can be rewritten as

A(gi) X an(ii)elﬁfn Z eié'?cell (311)
n

cells

where the two sums are the structure factor F(4) and the lattice sum. The structure factor is
the Fourier transform of the electron density distribution in the unit cell. As it is multiplied
with the lattice sum, it represents the envelop function of all Bragg peaks in reciprocal space.
As a consequence, recording intensity of multiple Bragg peaks in reciprocal space yields
information on the atomic arrangement in the unit cell. In the case of GaAs, the unit cell
is composed by two fcc cells occupied by two different types of atoms, displaced by one
quarter along the cube diagonal. Here the structure factor is calculated by taking into account
the atomic scattering factors of Ga and As. This calculation determines whether the waves
interfere constructively or destructively at different atoms within the unit cell along a specific

crystallographic direction. The lattice sum is the sum over all the cells in the lattice and is
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related to the shape of the diffracting object. The diffracted intensity I is finally given by [53]

I=A@-A*@). (3.12)

3.2.1 Signals from nanostructures in reciprocal space

As shown before, the scattering amplitude contains the Fourier transform of the object shape
[53]. This information is present in the diffraction signal, which has a characteristic shape
and is inverse proportional to the size of the object. For a crystal in two dimension (a surface),
the signal will adopt a rod-like shape, called Crystal Truncation Rod (CTR), pointing along
the surface normal. As a surface in a real case corresponds to the termination of a three
dimensional volume, the signal measured will correspond to the convolution between the CTR
and the diffraction signal originated by the crystal volume [126]. The high surface-to-volume
ratio of nanowires implies a strong presence of CTRs, which dominate the diffraction pattern.
The latter is characterized by the presence of thickness oscillations, carrying information

about the size of the object in the direction normal to the surface.

In real crystals, aberrations of the perfect order are generally observed; it is therefore useful to
introduce the concept of strain €. It can be expressed in the generalized form of Hooke’s law

[113] as

€ij = SijkiOki (3.13)

where €;; are the strain components; S; jx; are the compliance coefficients of the crystal; and
0k are the components of the stress applied to the crystal. Equation 3.13 can be also expressed

as

0ij=Cijki€k (3.14)

where C; ji; (or elasticity matrix) is a fourth-rank tensor including the stiffness constants.

In order to extract the value of strain along a specific direction of the crystal, it is convenient

to consider the variation of the interplanar distance with respect to the unstrained reference
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Figure 3.1: ID01 diffractometer. The original image is courtesy of Hamid Djazouli, ID0O1 (ESRF).

value dy,straineqa- Thus strain can be defined along a specific direction in the crystal [hkl] as

dhkl,strained - dhkl,unstruined .

6[%]hkl = 100. (3.15)

dhkl,unstmined

The presence of strain will modify the appearance of the diffracted signal: it will result in
an angular displacement in the case of homogeneous strain; and in a peak broadening in

presence of inhomogeneities, as dislocations, vacancies, inclusions and elastic relaxation.

A reconstruction of the crystal structure from the diffraction signal has to take into account
the phase problem. Indeed, only the amplitude of the scattered waves can be extracted from
the XRD profile, while no information is given about the phase. In order to overcome the
lack of information, specific reconstruction algorithms have been developed. They allow the
retrieval of the amplitude and phase of the original shape of the object [125]. In this particular
cases, enhanced visibility and high resolution of the diffraction signal can be obtained by
ensuring that all the scattered photons have a well defined phase relation. One pre-condition
for reconstructing the object from the scattering pattern is the illumination of the sample
with coherent X-ray light. Synchrotron facilities provide partially coherent radiation. Here,
the coherent part of the incoming beam can be extended by an aperture, whose dimension

matches the coherence length of the beam [139].
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3.3 Asynchrotron beamline: ESRF-ID01

All the experiments presented were performed at the synchrotron beamline ID01 at the
European Synchrotron Research Facility (ESRF) in Grenoble, France. Synchrotron radiation
is produced by acceleration of electrons via the bending of their path. In this specific case,
electrons are produced by a 100 keV triode gun and accelerated in a Linear Accelerator (LINAC)
up to an energy of 200 MeV. The subsequent injection in a circular accelerator with 300 m
circumference brings them up to an energy of 6 GeV. They are then transferred into the
storage ring (844 m circumference), which contains bending and linear straight sections,
respectively such as bending magnets, and insertion devices (undulators and wigglers) [9]
where the X-ray radiation is actually produced. Then the X-ray beam produced is delivered to
the respective experimental stations. Beamline IDO01 at the ESRF has a dedicated experimental
configuration for nano-diffraction experiments. Hereafter the main elements along the beam
path in the optics and experimental hutches will be described, from the insertion devices to
the sample position. Three undulators in series (two U35 with a 35 mm period (with band
width peak %:0.01) and one U42, with 42 mm period, used to reach the lowest energies),
deliver a beam with possible energy ranging between 2.1 keV and 40 keV. All the presented
experiments have been performed with the instrumentation and capabilities available at ID01
until December 2013. At that time, the X-ray beam delivered in the optics hutch impinged on
a double bounce Si (111) channel cut monochromator, with an energy resolution A—bf’qzlo_4
[38]. This selected the specific range of wavelength of the radiation. According to Diaz [38] the
available transverse coherence length at ID01 has been estimated as 60 pm x 20 ym (vertical x
horizontal); by considering a distance from source to sample of 50 m and a source size of 30 x
125 um? (vertical and horizontal respectively). The shape of the beam was modified using slits
apertures. In addition beam monitors and attenuators were introduced along the beam path.
The monochromatic beam arrived at the sample position mounted on a diffractometer in the
experimental hutch (figure 3.1). On the diffractometer, the sample can be translated in the x,y
and z direction and rotated about the w, ¢ and y axes: all these movements are used to align
the sample and for the data collection. A detector arm has a 26 rotation in the vertical direction,
and a 7 rotation in the horizontal plane. It is decoupled from the sample stage in order to

avoid the transfer of vibrations to the sample, caused by detector movements. The sample is
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mounted on a hexapod stage (Symetrie) for translations of the order of mm or sub-mm and
tilt alignments. In addition a direct driven piezo-translation stage or PI (P-563 PIMars XYZ
Piezo System, P GmbH and Co.) is available on the hexapod for sample translations in the nm
range. In the case of X-ray nano-diffraction experiments, the beam was focused with the use of
Fresnel Zone Plates (FZPs), with typical diameter of 300 um and an outermost zone width of 80
nm. This diffractive focusing device [70] yields a focus on the order of 200 x 400 nm? (vertical x
horizontal). The final size depends on the used energy, the incoming beam coherence and
divergence, and it can be affected by downstream optical elements and small vibrations of
the experimental apparatus. A circular central beam stop (60 ym diameter) and a circular
Order Sorting Aperture (OSA) (typical 50 um diameter), positioned as close as possible to the
sample, were used to block the direct beam transmitted and to clean the higher diffraction
orders respectively. A two-dimensional MAXIPIX detector (pixel size of 55 x 55 ,umz, for516 x
516 pixels?) [119] was used to map the complete three-dimensional region in reciprocal space
around the diffraction peak (figure 3.2). Recent developments at IDO1 made use of the high
sampling frequency of the MAXIPIX (kHz regime) in the so called quicK-mapping (K-map)
method [19]. It is a fast scanning method, which allows the direct buffering, compression
and storage of the collected images by a synchronized communication between the MAXIPIX
camera and the PI stage during the real scan procedure. This is achieved using a Multipurpose
Unit for Synchronisation, Sequencing and Triggering (MUSST) card, which eliminates the
communication time between camera and control software (SPEC V6.00.03) during the sample
scanning. This results in a significant reduction of the data collection time by two order of
magnitudes, and therefore allows the collection of real space maps under diffraction condition
in a reduced time (compared to the conventional scan mode) of 100x100 um? areas of the

sample.

Nowadays, in 2014, the beamline undergoes one year shut-down, for an extension and techni-
cal improvements. Details about this so called Phase I of the ESRF upgrade program can be

found in ref. [65].
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Figure 3.2: Photograph (a) and 3D sketch (b) of the available focusing configuration at beam-
line IDO1. Image (a) is courtesy of Gilbert Chahine, ID0O1 (ESRF).
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3.4 Diffraction geometries

In a typical XRD experiment from a small crystal, the sample is illuminated by the incoming
X-ray beam, which gets diffracted by a set of planes for a specific value of the incident angle,
depending on the Bragg condition. The specific angle is called w, and will give a diffracted
signal at 20 position in angular space. Several diffraction geometries can be used; hereafter
the coplanar symmetric and asymmetric reflection geometries and the non-coplanar GID ge-
ometry will be presented, as they have been used in the experiments performed and presented

in the next chapters.

3.4.1 Coplanar symmetric and asymmetric geometries

In the coplanar symmetric geometry, selected sets of planes are ideally parallel to the sample
surface: in this case w is equal to the Bragg angle 65. In case of the coplanar asymmetric
condition, the selected sets of planes will have an angle ¢ to the surface. This type of reflections
can be accessed only for ¢ < 0p, for w = 0p + ¢ according to the chosen grazing incidence (-) or
grazing exit (+) condition. In this case, a rotation around the surface normal is needed in order
to align the set of planes so that they diffract at the selected Bragg angle. The three components
of the momentum transfer can be introduced as: g, is the out of plane component parallel
to the surface normal; g, is the in-plane component parallel to the projection of the X-ray
beam on the sample surface; and g, is the in-plane component perpendicular to gy. The three

components can be derived from the incident and exit angle of the X-ray beam on the sample
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Figure 3.3: From left to right: coplanar symmetric and asymmetric geometries.

surface (w and 26) and the exit angle of the diffracted beam on the detector (v) [117]:

2

qx = 7(003(20 —w)-cos(v) - cos(w)), (3.16)
2

qy = ——sin(v), (3.17)
A
2T ,

q.= T(szn(Z@—w)-cos(v)+szn(w)). (3.18)

A sketch of the symmetric and asymmetric coplanar geometries is shown in figure 3.3.

3.4.2 Non coplanar grazing incidence geometry

Grazing incidence geometry [42] consists in a combination of out-of-plane reflectivity and
in-plane Bragg diffraction [117]. In order to control the depth resolution, the incident and exit

beams are kept at small angles with respect to the sample surface, close to the angle for total
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incident

Figure 3.4: Sketch of the non coplanar GID geometry.

external reflection [42]

\/ATT P
ac=\/2_=%, (3.19)

where 6 expresses the refraction of the X-ray wave in the formula of the refraction index
(Nrefraction =1 =0 + i, with § absorption parameter); p. is the electron density; and ry is
the classical electron radius. An evanescent wave is generated below the surface; it has a
penetration depth % ranging from tens to hundreds of nm [117] depending on the incident
angle. A rotation of the sample around the surface normal allows the selection of a set of
planes perpendicular to the sample surface, which satisfy the Bragg condition with wave vector
transfer almost parallel to the surface. In addition, due to the small incident angle «; (0.25° for
GaAs) the technique probes the sample with constant penetration depth and is sensitive to the
near surface region (depending as well on the used energy and the absorption of the material);
as it suppresses the strong signal originating from the substrate. The incident nano-beam
gives a large footprint onto the sample surface: in case of the measurement of a single NW,
this makes object selection very challenging, as explained in section 3.4.4. In addition, as a
selected part of the NW is illuminated, the complete measurement requires a scan of the X-ray
beam along the NW growth axis. The components of the wave vector transfer (in the plane
whose normal is parallel to the growth axis), g, and ¢, are defined respectively parallel and

perpendicular to the normal of the selected family of planes, as shown in figure 3.4.
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(a) Transverse scan. (b) Radial scan.

Figure 3.5: Radial and transverse scan in XRD on a single NW in coplanar symmetric geometry.

3.4.3 Maps in reciprocal space

In all the presented experiments, the use of a 2 dimensional detector allowed the collection
of two dimensional cuts in reciprocal space, with the simultaneous collection of intensity in
small ranges of 6 and v (figure 3.1), whose size varies according to the sample to detector
distance. A variation of the incident angle w (and if needed 26) allowed the collection of the
scattered intensity in function of the three components of the wavevector transfer for the
reconstruction of three dimensional Reciprocal Space Maps (RSMs). A transverse (‘rocking’
scan, where w changes) and a radial scan (w—260’ scan, where both angles vary simultaneously)

are presented in figure 3.5 for the coplanar symmetric geometry.

3.4.4 Specific sample configuration in the diffraction from a single nanowire

In X-ray nano-Diffraction (n-XRD), the illumination of a single nano-object is very challenging.
As the footprint of the incident X-ray beam on the sample surface is large, the selection of
a single NW is impossible in samples with a high number density (for example 108cm™2).

Samples suitable for single NW diffraction have to be well prepared. A low number density
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is the first requirement in case of coplanar diffraction. An additional challenge steps in if a
specific object has to be identified on the surface. In this case, micrometer-sized markers can
be deposited or grown onto the surface. They can be easily identified with the help of an optical
microscope mounted on the diffractometer above the sample surface (figure 3.2(a)), giving a
first view of the area to be probed. Subsequently scanning X-ray diffraction microscopy in real
space is used to identify the object under Bragg condition (K-map method [19]). Moreover, a
controlled arrangement of the nanostructures onto the substrate is desirable, for example in
GID geometry. In this case only a single nano-object has to be illuminated by a tens of um
sized X-ray beam. Also the combination of XRD with other ex-situ characterization techniques
(see chapter 5) requires controlled positioning of the NWs on the substrate, unique condition

to find again the same object.
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single GaAs nanowires

This chapter is centred on the X-ray diffraction measurements in GID geometry of single GaAs
nanowires grown on a (111)-oriented GaAs substrate. The controlled arrangement of the NWs
by Au implantation, in combination with a nanofocused X-ray beam, allowed the in-plane
lattice parameter of single NWs to be probed, in particular to collect reciprocal space maps at
different heights along the NW. This is not possible, in in-plane GID geometry, for randomly
grown NWs. At the same time, substrate areas with different distances from the Au-implanted
spots below the NWs were under observation, and the data suggested the presence of a com-
pressive strain. Most of the elements (text and figures) presented hereafter are published in

Bussone et al., Journal of Applied Crystallography, 46:887, 2013.

4.1 Probing the in-plane strain in single GaAs nanowires

As stated in chapter 2, in present applications the control on the crystal structure of GaAs
nanowires is very important, as they have to be homogeneous and free of defects. In addition,
the control of their size and their exact location on the substrate is necessary. Those qualities
strongly depend on the growth process. For many practical devices, an arrangement of the
NWs at intentional sites, for example in regular arrays, is required. In order to control the
position of the wires accurately, diverse techniques exist. Techniques, such as electron beam

lithography [109] and nano-imprinting lithography [110], require the use of a photoresist on
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the epi-ready monocrystalline surface, which represents a potential contamination source
and cannot always be removed by cleaning. Therefore, the direct implantation of Au using
a focused ion beam system [50] is preferable. It consists of a complete ultra-high-vacuum
process, which includes layer growth, lateral structuration and subsequent NW growth. Pre-
vious characterization on single NWs in symmetric and asymmetric diffraction geometries
allowed the determination of their morphology, structural composition and residual strain,
by combining the use of a focused X-ray beam with coherent diffraction imaging [39, 11].
However, additional details about the NW crystal structure can be obtained by probing the
planes whose normal is perpendicular to the growth direction, along the height of the wire.
This requires working under GID conditions (see section 3.4.2). In order to perform GID
characterization on single NWs, their controlled arrangement is critical. For randomly grown
NWs the wide footprint of the X-ray beam on the sample does not allow the selection and

analysis of a single wire, and therefore only average properties can be accessed.

4.2 GaAs nanowires at locations defined by focused-ion beams

The measurement was performed on undoped pure GaAs nanowires, grown on a GaAs sub-
strate, where the positions of the NWs were intentionally determined by a direct implantation
of Au with focused ion beams. The sample was prepared at the University of Bochum, in Ger-
many, in the group of Prof. Andreas Wieck. The growth method consisted in the Au-assisted
vapor-liquid-solid MBE (see section 2.2), combined with the capability of a FIB system to
implant Au ions masklessly as catalytic metal seeds at the desired sites. The GaAs nanowires
were grown on (111)B GaAs substrates using a Riber EPINEAT V/III S MBE system, equipped
with a Ga effusion cell and an As cracker source. First, the substrate surface was deoxidized
at 913 K, and then a GaAs buffer layer was grown. Afterwards, the sample was transferred in
vacuum to a FIB system, an Orsay Physics Canion 31-Z FIB column including an ExB mass
filter. Single-charged Au ions were generated from an AuBeSi liquid alloy ion source. Defined
dot patterns were implanted using an acceleration voltage of 30 kV. The typical penetration
depth of the Au+ ions was estimated to be ~15nm with The Stopping and Range of Ions in
Matter (SRIM) [13, 160]. It was observed that an ion fluence of around 10° ions per spot was

needed to obtain the growth of only one NW per site, although occasionally no or multiple
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Figure 4.1: (a) SEM image of a single NW, with diameter W~150 nm and height H~6 um. (b)
SEM image of the rough substrate surface.

NWs have been obtained at one spot. The approximate size of the implantation spot in this
case was ~200 nm. The sample was transferred back to the MBE system and heated to 823 K.
Then the NW growth was initiated without delay and performed for 60 min with an As, flux to
provide a constant V/III flux ratio of 13 and a Ga flux suitable for a two-dimensional growth
rate of 0.2 nms~! on GaAs(100). This resulted in (111)-oriented GaAs NWs with diameters of
~150 nm and a height of ~6 um (figure 4.1(a)), which were located along a straight line, with a
separation of 5 um from each other. The chosen experimental geometry required a specific
sample configuration and the presence of markers (numbers in this case). The orientation of
the line of NWs with respect to the crystallographic directions of the substrate was chosen in
such a way that the cubic (220) reflections of the NW and substrate could be accessed without
intersection of the X-ray beam with more than one NW. The MBE growth parameters that
were used for NWs and GaAs layers varied in temperature and As, flux. GaAs layers grown
with NW growth conditions (substrate temperature: 823 K; V/III flux ratio: 13) get usually
arough surface morphology. As the layer growth does not stop while the NWs are growing,
the (111)B surface between the NWs is typically fairly rough. This is clearly observed in the
SEM characterization (figure 4.1(b)). In addition, the NW structure was determined with
TEM, where a mixture of zinc-blende and wurtzite structures was observed and it is shown in
figure 4.2. In HRTEM, the wurtzite structure is visible in figure 4.2(a). An HRTEM close-up

with zincblende structure, twin planes and stacking faults, is shown as well in figure 4.2(c).

41



Chapter 4. Grazing incidence X-ray diffraction of single GaAs nanowires

Figure 4.2: TEM image of the atomic stacking in a single NW: (a) HRTEM image of a pure
wurtzite (WZ) structure region with superimposition of the atoms positions; (b) bright-field
image of the top part of the NW; (c) HRTEM image of a zinc blende structure region.

4.3 The details about the experimental configuration

The NWs were investigated in grazing-incidence geometry with an 8 keV nanofocused X-ray
beam, with measured focal size of 300 x 500 nm? (vertical x horizontal). Owing to the GID
geometry, for an incident angle of 0.25° the footprint of the X-ray beam on the sample surface
was 68 um along the direction of the X-ray beam propagation. First, the sample was aligned at
the symmetric (111) Bragg reflection in order to map out the intensity distribution in x and y
directions on the sample. The NW was grown with a high content of the hexagonal wurtzite
phase, which has a slightly larger out-of-plane lattice parameter compared with the substrate
zinc-blende reflection [12]. Therefore, the scattering angles were fixed at the position expected
for wurtzite (0002) and the sample was scanned along the x and y directions through the
probing X-ray beam. Positions of increased diffracted intensity were identified as single NWs
[39, 107]. A specific area on the sample was measured: it contained two markers and a row
of single NWs spaced about 5 um apart (figure 4.3). The markers were already visible in the
available optical microscope (see section 3.4.4), whereas the NWs could be identified only by
the increased X-ray intensity. Moreover, only a few of the arranged NWs are visible along the
line. A few places are empty, either because of missing NW positions in the implanted pattern
or because of a small misalignment of the NWs with respect to the substrate. Subsequently,
the identified NWs were analyzed using GID, focusing the X-ray beam onto the identified x, y

positions along the specimen. RSMs were collected around the ZB (220) reflection (equivalent
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100 150 200
um

Figure 4.3: Comparison between the SEM image along a row of NWs (a) and a real space
map (b) along a similar row under the diffraction condition for the GaAs symmetric (111)
reflection. The diffraction signals of a triangular and a number-shaped marker (hard to identify
in the RSM) are clearly visible. In the space between the markers, a few nanowires having the
expected spacing of 5 um can be distinguished and the positions of the NWs are marked with
red circles.

to the WZ (2110) reflection) at different heights along the NW. Because the NW diameter was
smaller than the X-ray beam and the absorption by the NW was negligible, most of the beam
still hitted the substrate at different distances from the NW position. The components of the
scattering vector ¢, g; and ¢,, are defined as described in section 3.4.2. The complete two-
dimensional region in reciprocal space around the diffraction peak was mapped. Reciprocal
space maps were calculated by integrating the diffracted intensity along the whole range of
the exit angle. For NWs grown epitaxially on a substrate, the lattice planes of both substrate
and NW can be probed in the used geometry. If the NW and the substrate are constituted
by two different materials, they diffract at different Bragg angles and their signals can easily
be separated. In the present case, the NW and the substrate are both made of GaAs, i.e. they
diffract at the same Bragg angle. However, by carefully examining the detector images, an
additional signal, observed only for scans performed at NW positions and therefore attributed
to the NW contribution, can be seen at a slightly different angular position along the rocking
scan compared to the signal of the GaAs substrate. This allows the distinction between signals
originating from the GaAs substrate and the rough surface layer, and the NW signal with much
lower intensity, because of their different g, positions, Ag; ~ 0.035A~!. This separation is
probably caused by a twist of the NW growth axis with respect to the substrate normal [74].
This may also explain the fact that other NWs could not be found at the expected position, if

their misorientation exceeds a certain value. Figure 4.4 shows RSMs measured for selected
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Figure 4.4: On the left, GID reciprocal space maps collected for three different regions of the
substrate (As, Bs and Cg) at different distances from the NW. The strained and unstrained
diffraction peaks are named 1 and 2, respectively. On the right, reciprocal space maps collected
for regions Ayw, Byw and Cyw along the NW. The NW signal, indicated in red as NW, is
clearly visible on the right of the substrate peak.

regions on the samples: the graphs labelled Ag, Bs and Cgs refer to a region free from NW
growth; the graphs labelled Ayw, Byw and Cyw are relative to one of the identified NW
positions. The intensity of the substrate is much higher than that of the NWs due to the large

difference in scattering volumes.

4.4 Determination of the in-plane strain

By changing the vertical position of the NW with respect to the incident beam, i.e. measuring
at different heights along the NW, changes of the NW signal were hard to identify. However,

as the position of the incident beam on the sample was simultaneously modified, major

44



4.4. Determination of the in-plane strain

changes were observed in the substrate signal. Figure 4.4 shows reciprocal space maps taken
at different lateral positions on the substrate, marked as As, Bs and Cs, and corresponding
to the three different positions of illumination along the NW long axis, Axyw, Byw and Cyw
(figure 4.5(a)). Considering steps of 2.5 ym in the vertical direction, the illuminated areas were
separated laterally by 570 um each, where position A is the closest and position C the most
distant from the NW. The substrate signals show two different features partially overlapping for
region B, at ¢, ~ 3.150A7! (indicated as 1 (As, Bs)) and at ~ 3.142A~! (indicated as 2 (Bs, Cs)),
and their intensity ratio is changing as a function of the illuminated position. At all positions,
a hexagonal star (marked with white lines in (Cs)) was observed, probably originating from
crystalline grains within the GaAs surface layer, growing simultaneously with the NWs. A few
additional artefacts were visible close to the Bragg peaks, probably due to randomly oriented
GaAs crystallites distributed on the substrate surface. They were also observed in SEM images
and might have been created during the cleavage of the as-grown sample into smaller pieces.
For quantitative evaluation, line profiles were extracted from the RSMs shown (Ag, Bs and
Cs) along the radial direction g, (figure 4.4). As mentioned above, two different peaks can
be identified. For position A, peak 1 dominates. The two peaks show rather similar intensity
at position B and peak 1 almost disappears at position C. The appearance of two different
peak positions in ¢, indicates the presence of a strained region. Considering peak 2 as the
position of the unstrained GaAs, peak 1 indicates the presence of compressively strained
GaAs in the vicinity of the implanted region. Indeed, the unstrained peak shows increasing
intensity with increasing distance above the substrate (peaks relative to positions Bs and
Cs). At first glance, this interpretation might contradict the expectation. As a result of Au
implantation, a lattice expansion is expected because the atomic radius of Au is always larger
than that of Ga and As. However, the induced lattice damage might be so large that this
region does not contribute to the Bragg scattering signal. On the other hand, an increased
lattice parameter in the implanted core must result in an outer laterally compressed region of
GaAs, which explains this finding. This compressed part dominates while probing the region
close to the NWs, and the compressive strain is expected to decay slowly over a large distance
from the implanted area. Because of the large footprint of the X-ray beam on the sample
surface, the strained peak measures a mean strain value, which was determined by fitting

the measured diffraction profile with two Lorentzians, one for the uncompressed and one
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for the compressed substrate contributions, shown by solid lines in figure 4.5. The data show
a decrease of the in-plane lattice parameter: the region closer to the NW is compressed by
-0.4% compared to the unstrained one. The NW signal is hardly accessible since the substrate
is made of the same material; however there is evidence for the existence of NWs which
can be further processed. A comparison between the different regions along one NW was
carried out. As shown in figure 4.4 (Ayw, Byw and Cyywy), different regions along the NW were
investigated by translating the sample along the growth axis with steps of 2.5 um. In Ay, the
compressed substrate peak and the NW signal can be observed at similar g, values, but with
Aq; ~0.035A71. By extracting the line profile along g, of a selected region of interest around
the NW signal, it is observed that the signals coming from regions By and Cyy along the
NW are located at g, positions similar to that found for the unstrained substrate. This means
that the NW lattice is not strained. Conversely, the NW signal visible in Ay appears shifted
towards lower ¢, by less than 0.03%; however an incomplete separation from the substrate
cannot be excluded. The profiles of RSMs along g, were processed for three different NWs
measured in this experiment for the middle position B. The curves are the same within the
uncertainties of the experiment. This proves that the intensity pattern of an individual NW

could be extracted and separated from the substrate.

4.5 Summary

It is shown that individual as-grown GaAs NWs prepared by MBE after Au spot implantation by
FIB into a GaAs substrate could be investigated by X-ray grazing-incidence diffraction using
ananofocused X-ray beam. The presence of two diffraction peaks was detected in different
regions of the substrate. One corresponds to the unstrained substrate away from the NWs
(more than 570 um apart); the second peak originates both from the substrate deformation in
the vicinity of the Au-implanted area and from the non deformed region in the substrate. The
implanted region itself could not be accessed. From the relative peak shift observed in these
two distinct regions in the substrate, it was concluded that the region close to the implanted
area experiences an average lattice compression of -0.4% compared to the unstrained GaAs
lattice. The detection of NWs grown within the implanted area was successful. For the first

time, single NWs were investigated with n-XRD in GID geometry at different positions along
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Figure 4.5: (a) A sketch of the NW and the substrate probed around the Au-implanted area.
(b) Integrated diffracted intensity as a function of g, for the three analysed regions in the
substrate. Experimental and fitted data are shown. Here, and in the following graphs (c) and
(d), the value of the estimated uncompressed GaAs is represented by a grey rectangular area.
(c) Normalized integrated diffracted intensity as a function of g, for three different positions
(A, B and C) along the same NW. (d) Normalized integrated diffracted intensity as a function of
q, for three different NWs, at position B.

their height. Within the uncertainty of the experiment, the data showed that the lattice
parameter of the NW equals that of the unstrained substrate. The wires exhibited a certain
twist of the growth axis with respect to the substrate normal, which made their identification

challenging.
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Correlation of electrical and struc-
tural properties in single GaAs

nanowires

In chapter 5, the results of the study of the correlation between the electrical and structural
properties of single GaAs nanowires measured in their as-grown geometry are presented. The
chapter includes an overview of the Thermoionic Emission Theory and the Space Charge
Limited Current model used in the analysis of the electrical data. The resistance and the
effective charge carrier mobility were extracted for several nanowires, and subsequently the
same nano-objects were investigated through X-ray diffraction. This revealed a number of
perfectly stacked zinc-blende and twinned zinc-blende units separated by axial interfaces. Our
results suggest a correlation between the electrical parameters and the number of intrinsic
interfaces. The importance of such investigation has been emphasized in chapter 2 (in section
2.4) with examples and the description of recent technological applications where the control
on the structure of semiconductor NWs revealed to be crucial. Most of the elements (text and
figures) presented here are extracted from the manuscript

Bussone et al., Nano Letters, 15(2):981, 2015.

5.1 Electrical measurement: the first attempts with an AFM

As afirst attempt, the electrical characterization was performed using the X-AFM (see section
2.5) available in the Surface Science Laboratory (SSL) at the ESRF. Commonly a laser is used

in combination with a photosensitive diode in an AFM system in order to determine the
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Figure 5.1: Comparison of an AFM (in the dotted white circle ) and SEM image of two NWs on
the same samples, collected before the electrical characterization.

deflection of the cantilever. However, in a system where an optics free detection [148] is
required, a quartz tuning fork (TF) resonator is used. The TF oscillates with alternating signal
at the resonance frequency and when the distance tip-to-surface is modified, the change
can be related to a change in the interaction force. A tungsten tip was glued with Ag paste in
electrical contact with the tuning fork. The tip approach to the sample surface was performed
with the help of a camera, and the back contact was made on the back side of the Si wafer
with Ag paste. The GaAs nanowires to be characterized were grown by self-assisted method
in MBE on a Si substrate and etched in order to remove the Ga droplet from the NW top (via
selective etching in HCI [15]). They were 30 nm high and had a diameter of 250 nm: those
dimensions were chosen in order to minimize the damage induced by the scanning of the
AFM tip, which on ym long NWs would likely break the nano-structures. In order to identify an
object on the surface, the AFM was running in non contact mode. The images collected with
the AFM showed immediately the instability of the system: due to the environmental noise
and vibrations, which made the selection of a single nanowire very challenging. The AFM
tip was then brought in contact to the NW top and a voltage from -5 V up to 5 V was applied,
alternating with frequencies ranging from the 100 Hz to the kHz regime. From the comparison
with the electrical signal collected with the open circuit, the V-I curve showed a poor signal-to-
noise ratio. The first attempt highlighted the experimental aspects to be improved, and made
clear the importance of a direct visualization of the object to be characterized. Afterwards,
the electrical characterization was performed in a SEM-FIB vacuum chamber: this improved
the quality of the Voltage-Current (V-I) curves with a reduction of the noise. As an example,
figure 5.1 shows a comparison of the images for two NWs on the same sample, collected with

AFM and with SEM.
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5.2 Theelectrical and structural characterization of the same nanowire:

samples and methods

For our study, (111)-oriented GaAs nanowires with diameters of 100 nm and height of about
1 pym were grown on a Si(111) substrate by self-assisted growth in MBE (see section 2.2) in
the group of Dr. Lutz Geelhaar at Paul Drude Institute in Berlin, in Germany. In order to
probe single NWs with the nano-focused X-ray beam, the substrate was patterned before
the growth with a SiO, mask. Periodic openings in the mask with a pitch of 2 ym were
fabricated by electron beam lithography [95], allowing the NWs to grow only at pre-defined
positions across the substrate surface. NW growth took place at these openings; however
island-type crystallites were also grown at many of the predefined places. Using a focused
Ga™-ion beam system, several of these parasitic islands were removed from the array by
milling, in order to make single NW X-ray diffraction feasible. For this study, individual NWs
were investigated electrically and structurally. The electrical characterization was performed
in a FIB chamber using nanometer-sized tungsten needles with a mean radius of ~30 nm,
driven by two piezo-manipulators (Kleindiek, MM3A-EM [77]) to contact the conducting
substrate and the top of the single nanowire selected. The chosen nanowire was visualized
inside the FIB chamber using SEM. The substrate contact was made on the surface, 10 to 20
pm away from the nanowire, by removing the SiO; layer from the surface and depositing a 6
pm diameter circular Pt-contact (1.5 pm thickness) using a Gas Injector System. Subsequently,
with the SEM turned off, V-I characteristics with a voltage varying between -10 Vand +10 V
were measured using a semiconductor analyzer (Keithley 4200-SCS Parameter Analyzer [73]).
Figure 5.2(a) shows a W-tip close to the top of a single nanowire. In order to identify nanowires
previously characterized in the FIB chamber, Pt-markers (easily detectable with the optical
microscope, as explained in section 3.4.4)) were deposited simultaneously in the chamber
close to the position of interest. SEM images of the area close to the selected nanowires were
then used for comparison with the nano-X-ray diffraction maps collected. The photon energy
was 7.8 keV, and the X-ray beam was focused with a FZP down to a focal size of 400x700 nm?
providing the spatial resolution required to achieve single nanowire inspection. A high degree
of coherence was obtained by defining the illumination of the FZP with a slit opening of 0.1

mm (vertical) by 0.05 mm (horizontal), comparable to the transverse coherence length of
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Figure 5.2: (a) SEM image of a W-tip close to the top of a single nanowire. The nanowire is 1
pm long and has a diameter of 100 nm. (b) A sketch of the contacted nanowire.

the beam at the energy chosen [101]. During the X-ray exposure, a constant nitrogen flux
was blown on the sample, to protect the nanowires from possible radiation damage. Most
notably, very fast mapping of a large area of the sample surface was performed using the
K-map method, allowing a comparison with SEM images in order to find exactly the NW which
had been characterized electrically. For accurate structural characterization, intensity maps
as a function of the three components of the wave vector transfer (see section 3.4), i.e. RSMs,
were collected for the structurally sensitive asymmetric (331), (422) and (1015) reflections. For
a fixed azimuthal orientation of the underlying Si substrate, one of the first two ZB reflections
probes the ZB phase, the other one the TZB phase [11], and the third the WZ phase. In addition,
we measured the structure of additional nanowires in their as-grown state, without the V-I

measurements, to record the necessary reference.

5.3 The electrical characterization: theory and models

5.3.1 Contacts to a single nanowire

Extensive electrical characterization of NWs has been carried out on several semiconductor
materials [143, 89], often after removal of the object from its original position on the substrate
[132, 144, 31], and the deposition of two or four metal contacts via FIB [132]. However, as

shown in paragraph 2.4, recent technological applications demand the use of NWs in their
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as-grown geometry on the substrate. Studies of the electrical characterization of single NWs
in their standing position on the substrate have been published in ref. [143, 48], and they
make use of the same technique presented in paragraph 5.2. The quality of the electrical
characteristics may be improved by coating the contact tip with a metal layer (for example
with Au [143]) in order to obtain ohmic contacts both at the top (to a metal catalyst droplet)
and bottom (to the substrate) of doped NWs. This simplifies the data treatment and allows the
direct extraction of the electrical parameters, such as the resistance. In our case, the use of
nominally undoped GaAs NWs, grown by self-assisted MBE, results in two MS junctions at
the extremities of the nano-object. It is worth to mention that the coating of the W tip (with
gold) has been performed as well and showed no significant improvements towards linear
characteristics. The influence of the contacts could not be avoided in our case, and had to
be taken into account in the data analysis, in order to provide a correct interpretation of the

results.

5.3.2 Multiple regimes in a NW characteristic

According to Sze [140], a MS contact can assume a rectifying behaviour (Schottky contact) due
to a barrier of potential induced by spatial charges in the semiconductor; or can assume a
metallic (ohmic) behaviour with a resistance independent on the applied voltage. In presence
of rectifying contacts, a bending of the band structure takes place at the MS interface. It
produces a shift of the Fermi level due to the passage of one type of charge carriers across
the junction. This introduces an electric field and leads to the formation of a depleted area,
which includes the uncompensated donors. In this case, the minority carrier contribution
can be neglected. In the case of a n-type semiconductor, the injection level (i.e. the applied
voltage) determines the presence of different regimes, which can be treated by assuming a
constant mobility and negligible diffusion of the charge carriers, and free and trapped carriers

in quasi-thermal equilibrium (which implies a change in the Fermi level value) [18].

Current-voltage characteristics are classified depending on the type of contact. According to
ref. [18], a typical characteristic of a n-type semiconductor may contain up to four different
regimes: namely the regime of ohmic conduction, Space Charge Limited Current (SCLC), Trap

Filled Limited Conduction (TFLC) and trap-free space charge limited current. In the regime
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of ohmic conduction the free carrier concentration is independent on the applied voltage:
the Ohm’s law is valid in this case and thermal electrons are dominating the conduction with

respect to the injected ones. Ohm’s law can be expressed as

Jonm =0E (6.1

where ] is the current density, o is the conductivity of the material and E is the applied electric
field. The SCLC regime occurs when the number of injected carriers exceeds the thermal
carriers. A dependence of the current on the voltage square is observed for solid material, as a
derivation from the Child’s law for high vacuum diodes [26, 85], in the so called Mott-Gurney’s
law [108]

9euV?

D3 (5.2)

]Mott—Gurney =

where € and L are the dielectric constant and thickness of the material, u is the mobility
of the charge carriers, and V is the applied voltage. This is valid in a free trap material by
neglecting the diffusion current and the dependence of i on the electric field. In this case
the concentration of the free carriers depends on the applied voltage. In the TFLC regime
trapped electrons lead the conduction and dominate the space charge at a constant voltage
value (velocity saturation regime). At higher bias, in trap-free space charge limited current
regime, the injected free electrons dominate again the space charge, and a dependence of the

current on the square voltage is valid again (ballistic regime).

During the analysis of the collected Voltage-Current characteristics, a double regime was
observed as well. In the log-log plot shown in figure 5.3, two consecutive regimes, characterized
by different linear trends, can be observed. The first regime extends between approximatively
0V and +1V (between app. -1V and 0V in the negative voltage range, not shown here). In
this case, the characteristic does not show an ohmic behaviour and the influence of the
Schottky contacts dominates the observed trend (see section 5.4). This interval was fitted to
the measured data in order to determine how the applied voltage is shared among the contacts
and to extract the total resistance of the system. The second regime at voltages [V|> 1V is

characterized by the formation of space charges due to the charge injection, which dominate
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Figure 5.3: Log-log plot of one V-I curve: the different slopes correspond to the Back-to-
Back Schottky diode regime (dashed gray line) and the Space Charge Limited Current regime
(continuous black line).

the carrier transport (SCLC).

5.3.3 Thermoionic emission theory and Schottky model

At the interface of a Schottky diode, the band configuration has a particular structure. By
assuming that only one type of charge carriers plays a role in the transport; when the two
interfaces are in contact, the Fermi levels of metal and semiconductor will get at the same
energy value according to the thermodynamic equilibrium. In a n-type semiconductor, this
induces a bending of the conduction band with the formation of a barrier g®p (known as

Schottky barrier), which in the ideal case can be defined as:
qOpn=q( @y — ) (5.3)

and

qPpp=Eg—q(@; — ) (5.4)

for a p-type semiconductor
where g is the electron charge, ®,, is the work function of the metal (which is the energy

difference between the Fermi level and the vacuum level), and y is the electron affinity of the
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semiconductor (which is the difference between the upper limit of the conduction band and

the vacuum level).

According to Sze [140] the electron concentration 7 in the semiconductor can be expressed as

n=N.exp(-q(@p—-V)/kpT) (5.5)

where NV, is the effective density of states, T is the temperature (in this case, 300 K), ®p is the
height of the Schottky barrier, kp is the Boltzmann constant, q is the magnitude of the electron
charge and V is the voltage applied to the contact. According to Rhoderick [122] the current
density Jsps for negative charge carriers passing the barrier from the semiconductor to the

metal is

panv _ pqN:v
4 4

Jsm = exp(-q(@p—V)/kpT) (5.6)

where p is the tunneling probability of the electrons through an hypothetical thin insulating
layer at the interface; and accordingly to the model of isotropic velocity distribution of Maxwell
[122], ”Tﬁ is the number of incident electrons (per area unit and per second) on the insulating
layer with U = (8kp T/mm,s ) average thermal velocity of the electrons and m,y effective
mass of the electrons in the semiconductor. An opposite flux of current will flow from the

metal into the semiconductor independent on the applied voltage

N7

Jus =212 oxp(—q@p/ksT). (5.7)

The resulting current is

J=TJsm—Jus, (5.8)
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this can be rewritten as

* _CI‘DB CIV
= A*T? -1 5.9
J exp( ks T ){exp(kBT) 1 (5.9)
with the Richardson constant
A* =4 2 3
= nmefqu/h (5.10)

with p =1 for an infinitely thin insulating layer and Nc¢ =2@2nm,¢rkpT/ h?)3/2, with h Planck

constant.

In a real Schottky diode, @ may be almost independent on the working function of the metal;
instead, the surface states at the interfaces in the band gap usually influence the final height
of the barrier by acting as donors or acceptors [140]. This effect is taken into account in the
Bardeen theory [8]. Other lowering factors may be the image force [122], the existence of an
insulating layer at the interface [159], and the field penetration [122]. The current flowing
through the contacts described is mainly due to the motion of the majority charge carriers.
At room temperature for slightly doped semiconductors (for example n-doped to a level of
10'7¢m™3) the dominating transport mechanism is the thermoelectric emission of the majority
charge carriers which pass the potential barrier. As shown in eq. 5.9 at the thermodynamic
equilibrium two opposite equal fluxes of charge carriers result in no current. When a voltage
is applied to the contact, for example in direct polarization, the barrier is reduced and the
resulting current is not zero anymore. Similarly, an increasing of the barrier takes place in
the case of inverse polarization. A V-I characteristic for a Schottky junction in thermoelectric

condition can be expressed as

qV
nidealitkaT

—q®
J=A*T2exp( kCLTB)exp( ) (5.11)

for V> 3k{‘; T, where 7;gea1iry is the ideality factor of the diode (1 in the ideal case, when the

diode follows the ideal diode equation). In real diodes a resistance in series has usually to be
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taken into account, and it modifies eq. 5.11 to

B VR,
B)oxp(— AV ED ) (5.12)

* q
J=A*T?exp(
P kpT NidealityksT

According to the method presented by Cheung [24] it is possible to extract the resistance in

series of a Schottky diode via eq. 5.12, with

av Nideality

—:RsAeff]+—— (513)

d(ln]) o)

where A,y is the cross section of the contact. Eq. 5.13 provides a linear relationship between
av

the quantity ;7,77 and the current density J.

Thermoionic emission theory is not the dominant mechanism when tunneling through the
barrier becomes significant. The quantum-mechanical tunneling can occur in two different
cases [115]. In the first case, the Field Emission theory (FE), the tunneling in forward bias takes
place in case of a metal in contact with a degenerate semiconductor at low temperature. Here
the energy of the tunneling electrons corresponds to the Fermi level in the semiconductor. In
the second case, the Thermoionic Field Emission theory (TFE), an increasing of temperature
increases the energy of the electrons above the Fermi level, together with the probability of
tunneling. However, the number of excited electrons becomes lower, so only a certain number
of charge carriers will have energy above the bottom of the conduction band. At very high
temperature, all the electrons will pass over the barrier, leading to a free-tunneling regime
towards pure Thermoionic Emission Theory. At room temperature the tunneling becomes
relevant again in reverse bias at low doping level (1017 ¢m=3) [150]. In our case, for nominally
undoped NWs, in first approximation both mechanisms may be excluded. Only in reverse bias,
TFE may play a role. According to Rhoderick [122] this is included in eq. 5.11, and consists in a

deviation from ideality (i.e. n;geqaliry > 1).

5.4 Back-to-back Schottky model: the data analysis (method A)

The theoretical elements presented have been used in a Back-to-back Schottky diode model

[2, 63] in order to extract the resistance of our measured system. The presence of defects

58



5.4. Back-to-back Schottky model: the data analysis (method A)

e A - - - b
(@) sy (b)
qq)M1 qu E eV.m2
E, ] E,
- y

— P

(d) I/\forward bias

—PfAAA—

reverse bias

V

N,
7

reverse bias

S A

forward bias

forward bias reverse bias

Figure 5.4: Sketch of the back-to-back diode band configuration of a metal(l,
blue)/semiconductor/metal(2, purple) system. In the shown example, the semiconductor is
n-doped and the two metals have work functions ®,,; > @2 > ®;. (a) shows the constituents
of the junction before the contact; (b) shows the condition at the thermodynamic equilibrium;
and (c) shows the system under forward and reverse bias. The contributions of the back-to-
back diode components to the electrical characteristic can be found in (d). Here, the area of
the plot with yellow background corresponds to the two contributions shown in (c).

and surface states modifies the nominal undoped character of the NWs, whose transport
can be therfore treated by Thermoionic Emission Theory. The measured system can in
first approximation be described by two Schottky barriers embedding the NW. The two MS
junctions are NW/W-tip and NW/highly n+ doped Si substrate (10'°cm =3 Sb doping). The last
junction is treated as a semiconductor/metal contact [86], considering the fact that the high
doping level of the substrate results in a metal-like behavior. This assumption reduces the
contact between the Si substrate and the Pt contact (to the surface) to a simple metal/metal
contact. According to the double Schottky diode model, the Schottky contact will be active at
either the first or the second junction, depending on the sign of the applied voltage. When not
active, one of the two Schottky diodes will have a resistive behavior (as observed in the case of
low doped semiconductor, 10'6cm =3, with small values of the Schottky barrier (figure 5.4)),
in series with the resistance of substrate, the active diode and the nanowire itself. Hereafter

the extraction of the total resistance in series R; is presented. Consistent with this model,
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Figure 5.5: Voltage-Current characteristics of several NWs. The different trends in the non-
linear curves are visible. (Inset) Current as a function of voltage, with axes ranging from -10
Vto 10 Vand from -1 10~7A to 1.5 10~’A for voltage and current respectively. An example of
the curves collected for a single NW for two consecutive contacting procedures is shown: the
curves are superimposed and no significant difference is observed.

the curves in figure 5.5 display for both positive and negative voltages a typical non-linear
Schottky behavior. The shapes of the curves are different in the two voltage ranges, which is
explained by differences in deviation from the ideal Schottky behavior between the top and
bottom contacts. The total current density for the two diodes (diode 1 and diode 2), from eq.

5.11 is the same in first approximation

N+
J=11=12=% (5.14)
and can be written as
| —q®p qVi .2 —q®p> qVa
J==(A T?ex ( Jexp( )—A"Texp(——)exp(————))
2 P kgT P Nideality, kT kT Nideality, kBT
(5.15)

where the applied voltage V is distributed between the two contacts, having values V; and V5.
A weighting parameter a (0 <a< 1) was introduced, such that V; = V(1 —a) and V» = Va, in
order to quantify how the total voltage V is shared. As a first step of method A, the experimental
curves were fitted to eq. 5.15 (figure 5.6) in order to extract the a parameter and to determine

the effective voltage applied to the two contacts. The parameters used in the fit had the

60



5.4. Back-to-back Schottky model: the data analysis (method A)

4,x1070 (@) (b)

2.x10710F

Current[A]

- 1,nz ~1
a, = 0.58+ 0.02

n,n,~ 10
a, =0.56+ 0.02

-2.x10710
Radm
a I | 414 . | | X
-1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0
Voltage [V] Voltage [V]

Figure 5.6: The results of the fitting of the electrical characteristic for a single GaAs NW in the
range -1 Vto +1 V are shown (original data in red and fit in black). The reported n; and n, are
the ideality factors of the two diodes.

following values: A* =4.4 1074 Am™2K 2 [140] (fixed); T= 300K (fixed); @51= 0.2 eV (variation
range +0.2); ®pp= 0.2 eV (variation range +0.2); and the current density J was calculated with
the diameter extracted from the XRD analysis. The fitting procedure was executed in two
different ways. As a first approach, the curve was fitted with eq. 5.15 with the ideality factor
as a free parameter. This provided an ideality factor of the order of 10 for the different NWs
and a weighting parameter @; equal to (0.56 + 0.02) as shown in figure 5.6. The value of the
ideality factors (not close to ideality) can be attributed to the presence of a resistance in series
with the active Schottky diode. Therefore, an alternative fitting procedure of the experimental
curves was performed by introducing an additional series resistance R4, [24] of the order
of 10® to 10° Ohm, which is necessary to fit the experimental curves, with the ideality factor
n ~1. The introduction of R,44, in eq. 5.15 complicates the fitting procedure because it
requires the use of a recursive fitting algorithm, due to the presence of I in both terms of
the equation. The new equation requires the use of additional free parameters, and reduces
the reliability of the fit. However, it was observed that the introduction of R,44, corresponds
in first approximation to a reduction of the voltage by a factor 10. Therefore the original V
data have been modified to take into account the effect of R,,44,. The weighting parameter
extracted @, becomes equal to (0.58 + 0.02), as shown in figure 5.6, and it is comparable with
the value of a;. It is worth noticing that the extracted value of « is independent on the value

of n obtained in the procedures described.

As a second step of method A, the actual voltages V; and V> on the active diodes were used to

evaluate the total series resistance R; for the negative and positive slopes of the curve through
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eq. 5.13, by considering a diode and a resistor in series. The data were treated for V; and V»
separately, and the mean value of R, (from the positive and negative sides of the characteristic)

was calculated. As mentioned before, the total resistance of the system is equal to

Ry=Rgg4q+ Rnw (5.16)

where

Raaa = Rsubstrate + RonmicContact + RSchottkyDiode~ (5.17)

R,44 is supposed to be the same for different NWs grown on the same substrate. This assump-
tion is supported, for the top junction, by the fact that the repetition of the top contact on
the same NW, with slightly different configurations, gave reproducible characteristics. An
example is shown in the inset of figure 5.5. This difference will be then used as uncertainty of
the extracted parameters for each NW. The dependence of the resistive behaviour on the size
of the bottom contact has been analyzed as well and shows that a dependence on the diameter
of the bottom contact (for + 10 nm) can be excluded. The electrical characteristics for one
NW (indicated as NW§) have been modelled through equation 5.15 by varying the size of the
bottom contact A, fh (figure 5.7 (a)). Ryqq, Was taken into account using the voltage correction
introduced before, with n; » ~1. The diameter of the bottom contact has been changed from
100 nm diameter to 90 nm and 110 nm. This variation is also compatible with the nominal
resolution of the e-beam lithographic technique used to control the growth position of the
NWs [95]. A deviation can be observed on only one side of the characteristic. In figure 5.7(b)
the original and simulated curves for two NWs (NWé and NWy) are shown. The electrical
characteristics have been modelled as explained above, with equal size of the bottom and
top contacts (Aeff = Aerp,). For comparison, the purple square and the blue star symbols in
figure 5.7(b) indicate the maximum deviations, respectively, of the modelled curves shown
in figure 5.7(a) for NW¢. They are incompatible with the experimental data, where mirrored
differences among the NWs can be observed on both sides of the characteristics in figure 5.7(b)
for positive and negative voltages. The simulated curves for NW§, with a different size of

the bottom contact, do not reproduce (not even qualitatively) the trend observed in NWy.
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Figure 5.7: (a) Modelled electrical characteristics for different diameters of the bottom contact
of one NW (NW¢): 110 nm (purple dashed line); 100 nm (black line); 90 nm (blue dashed line);
and experimental data (grey). (b) Comparison of modelled curves and original data for two
different NWs (NWé and NWy). The purple square and the blue star symbols indicate the
maximum deviations of the modeled curves for NW§ shown in (a).

This suggests an independence of the electrical characteristics on the diameter of the bottom

contact.

The measured variation of R; among the different NWs can be therefore associated with
differences of Ryw. In order to check the reproducibility of the measurements, the same
nanowire was contacted several times, by subsequently approaching the W tip to the top
of the NW and applying different but not further specified pressure. The current-voltage
curves collected were compared to quantify the influence of the contacting procedure. The
inset in figure 5.5 shows two characteristics for the same NW obtained by two subsequent
tip approaches, and it displays only minor deviations (similar behaviour was also observed
by Korte [20]). The remaining difference is smaller than the differences measured between
diverse nanowires, and that is used as the uncertainty of the parameters extracted. In most
cases the estimated uncertainty is three times lower than the effective difference between
extracted R of different NWs. The total values of R; and Ry are estimated both to be of the
order of 108 Q: this shows a dominance of Ry in the resistive behaviour, compared to the
other term of eq. 5.16. In recent literature, various values of resistance have been published for
GaAs NWs. Among them, Korte [78] reported on the resistance in the order of kQ for 108cm3
doped GaAs NWs (length ~ 8 um, diameter ~ 100 nm). Casadei [17] measured a resistance
per unit length of ~ 10> kQ/um for GaAs NWs with a similar doping level (diameter ~ 70
nm). The resistance of our intrinsic NWs revealed to be three orders of magnitude higher

(~ 10> MQ/pm). The mean values of R for each NW are reported in table 5.1. As explained
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before, an experimental uncertainty was firstly determined for each NW by measuring several
VI characteristics under slightly different pressures. Secondly, a statistical uncertainty was
calculated for the mean value of Ry, as the standard deviation of the average value from the
positive and negative sides of the characteristic. As the experimental uncertainty was larger
than the statistical one, the average between the experimental uncertainties for the positive
and negative sides of the characteristic was finally chosen as error of the measurement. (The

uncertainties for the effective mobility extracted using method B are similarly determined.)

5.5 SpaceCharge Limited Current model: the data analysis (method
B)

Subsequently the second range of data, measured from |1| V up to |10|V, has been treated via
SCLC model [142, 127]. This regime implies the formation of a space charge region within the
NWs which influences the charge carrier transport. The model allows the extraction of the
effective charge carrier mobility, whose trend is the inverse of the resistance values extracted
by method A. The equation for bulk GaAs was used to fit the experimental data (eq. 5.2)
(figure 5.8) and extract the value of the effective charge carrier mobility u (see table 5.1). Ina
recent work, Joyce et al. [72] reported on the basis of THz spectroscopy experiments a GaAs
NW mobility in the order of 1000 cm?/Vs (NWs length ~2 um, diameter 30 to 80 nm) for
nominally undoped wires. The difference in the values could arise from the dimensions and
the different crystal purity of Joyce’s NWs. Commonly, a lower mobility compared to bulk
values (electron mobility 8500 cm?/Vs and hole mobility 400 cm?V~1s~! [140]) is observed,
probably arising from charge carrier scattering at the nanowire surfaces. The large aspect ratio
of the NW geometry and the high surface recombination velocity, due to the surface states at
the midgap of GaAs, are a source of traps in the NWs and are responsible for the pinning of the
Fermi level within the bandgap. This induces the formation of a depletion region, and has an
influence on the mobility [132]. As an example, a surface charge trap density of the order of
102¢cm—2is reported in reference [35] for a depletion thickness of 50 nm. As shown in [17],

passivation of the side walls can be used to increase the mobility.
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and charge carrier density
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Figure 5.8: (a) Simulated V-I curve following the SCLC model (in black) and experimental data
(in red) for one of the nanowires measured.

Table 5.1: Electrical parameters.

Nanowire Rg(MQ) +Error(MQ) Mobility u(cm?/Vs) +Error(cm?/Vs)

NW1 662 117 15 2
NW2 292 56 32 1
NW3 480 61 23 3
NwW4 69 14 82 6
NW5 357 14 27 7
NW6 279 43 33 7

5.6 Total series resistance, effective mobility

and charge carrier density

The calculated R; and effective p are shown in table 5.1. The extracted values of R ~ 1080
and effective mobility u ~10 cm?/V s both fit to the same electrical characteristic assuming
a certain charge carrier density (ngensiry). Considering majority charge carriers only, the
charge carrier density can be calculated at the intersection of the two regimes (5.3.2), using

the following equation [140]

L

n . -—
density qA(,uRs)

(5.18)

where A and L are the hexagonal section (extracted from the structural analysis) and nominal

length of the nanowire, respectively; and q is the electron charge. The dispersion of the
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Figure 5.9: The dispersion graph of R as a function of the effective y is shown. The fit (black
curve) enabled the extraction of ngensiry ~ 10"cm™3.

measured resistivity R, (method A) and effective 1 (method B) fits to ngensiry ~ 10%cm™

(figure 5.9). This value is much higher than the nominal charge carrier density for intrinsic
bulk GaAs, and probably arises from the high nanowire aspect ratio and its related surface

effects.

5.7 The structural characterization

In order to find if the cause of the observed electrical behavior lies in the NW crystal structure,
a thorough X-ray nano-diffraction analysis of the same NWs has been performed. N-XRD has
already proven to be an incomparable tool for assessing single object properties in relation
to their structural properties [62] and, in this work, the analysis of the same single NWs was
performed after their electrical characterization. An example of the analysis for one NW will
be presented hereafter. The same procedure was followed for all the measured objects. For
every NW, the ZB-sensitive (331), (422) and the WZ-sensitive (1015) reflections were measured.
For WZ, no intensity was detected in the corresponding area of reciprocal space, from which
we deduce the low content of this phase in the NW structure. Instead diffraction signals
have been collected for ZB and TZB. As an example, figure 5.10 shows a 3D intensity map
in the vicinity of the (331) reflection of GaAs. At g, ~ 4.58 A~! two diffraction peaks can
be distinguished, separated by a distance of ~0.02 A~! along the qy axis. Both peaks are
accompanied by thickness oscillations visible as equally spaced peaks along g,. The period of
the thickness oscillations differs between the peaks, indicating that these peaks arise from two

independent crystalline segments of the NW at different heights along the growth direction.
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Figure 5.10: 3D reciprocal space map of NW3 for reflection (331): two peaks and their fringes
are visible along the g, axis. On the left and right of the 3D image, the projection of the two
peaks on the g, g, plane is shown. Due to the colour scale chosen to emphasize the vertical
fringes, horizontal fringes are hardly visible in this image.

This may be related to the presence of several extended segments of pure ZB inside the same
nanowire structure. The projections of the 3D map onto the g, ¢ plane in figure 5.10 contain
the finite size oscillations, which are visible in this case along the vertical components of the
momentum transfer. Horizontal fringes along the direction perpendicular to g, have been
observed as well. Those fringes carry information about the height (H) and diameter (D) of
the segments probed within the NW (see equ. 3.5). As a first approach, the dimensions can
be extracted through H =27/Aq,, and D = 21/Aqy,y, with Aq,, Aqgy,, being the distances of
adjacent maxima along the respective directions. However, sometimes multiple sets of fringes
were observed around a single peak along the g, axis (figure 5.11 (a)). In order to extract
information from such a complex system, the experimental data were modelled by calculating
the diffracted intensity for one or more segments of pure ZB (with a certain distance between
each other along the growth axis) in order to obtain the size of the diffracting elements. The
simulation was carried out in Matlab [102] by building up the whole atomic structure of the
crystal of the zinc-blende stacking of (111) planes inside the nanowire, and by calculating the

diffracted intensity with respect to the desired q-space values.

First of all the positions of the Ga and As atoms in a portion of NW (with a diameter up to 100

nm) have been calculated [11]. The spatial coordinates (X and Y) in the A, B and C planes
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(see section 2.1.1) were determined for Ga and As. Then the atomic stacking along the [111]
direction was built as a repetition of the three types of planes; and the same for As with an
additional translation from the Ga positions AZss = AZga + Acubic ‘/Tg. The total amplitude was
then calculated for each n'”* atom in the crystal with respect to the selected range in reciprocal

space, around the desired reflection with a modification of eq. 3.11
A(f) an(gl’)eiﬁ'fn = an((‘]’)eiﬁxy-?xy eldz7z. (5.19)
n n

According to the translational properties of the crystal, e!7xr7xv was calculated only once
for the A, B and C planes with respect to g, and ¢y; and then e'777 was determined for the
different positions along Z (varying according to the chosen segment length) with respect to
the chosen ¢, range. The factors f,(§) were derived for each g value from the formula in ref.
[129]. In the end, the two complex values obtained for Ga and As have been summed up and
the intensity was obtained with the modulus square (eq. 3.18). The intensity signal as function
of the g, values allowed the quantification of the periodicity of the thickness oscillation fringes,
originating for the simulated segment inside the NW. Multiple set of fringes were simulated by
introducing one or more phase shifts between diffracting units vertically stacked inside the

NW.

The (422) reflection was also measured for the same NW (figure 5.10 (b)) as it carries informa-
tion about the TZB content. The procedure described was applied for both reflections of all
the NWs measured, and the structural parameters are listed in table 5.2. As an example, the
extracted phase structure of one NW (NW3) is shown in figure 5.11 (b). It displays structural
units of different lengths (within the uncertainty of the simulation of +1 nm) but the same
diameter of about (95+10) nm. The grey units correspond to that ZB phase whose azimuth is
the same as the substrate (reflection (331)); the yellow segment is twinned by 60°with respect

to the substrate setting (reflection (422)).

5.7.1 The effect of the tip contact on the NW structure

Diffraction signals, similar to the ones shown in figure 5.10 (a), were found for all the NWs.

Their radial displacement pointing towards gy or g, was not always the same. Due to the
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Table 5.2: Structural parameters.

Segments length (1 nm) NW1 NW2 NW3 NW4 NW5 NW6

TZB (422) refl. [nm] 181; 220; 95 128 124; 57
251; 205 120
14; 69

ZB (331) refl. [nm] 72; 52; 16; 82; 209 210 98;
330; 206; 16; 75 105
107 260

Sheared portion (422) refl. / / > 810 >470 |/ > 255

[nm]

Sheared portion (331) refl. / / / / =380 =380

(nm]

Total length (including 1024 943 =1094 =807 =834 =895
the sheared portions)

[nm]

Number of segments (in- 7 5 6 3 4 5
cluding the sheared por-

tions)

differences observed, it cannot be excluded that a few sub-peaks may be located outside the

observation window.

To investigate the origin of the peak splitting, structural characterization was performed at
untouched NWs as well. Also in this case, as for the contacted NWs, we found ZB and TZB
units, both accompanied by oscillation fringes. However, there was a significant difference in
the diffraction signal of the untouched NWs: the peak splitting was always found along the
[111] direction (not shown), whereas the peak splitting for the contacted NWs was along the
qx or gy directions. This is probably a signature of stacking faults present along the growth
axis [49] between two or more ZB and TZB units. In contrast, no trace of additional splitting
appears in the plane perpendicular to the growth direction. The in-plane peak splitting for
the electrically probed NWs could instead be a result of the contact procedure, and measure a
small plastic deformation within their structure. A recent work of Jacques et al. [68] studies
the formation of defects after controlled compression of InSb nanopillars. In their work, (213)-
oriented structures are chosen, thus leading to the activation of only one type of parallel slip
planes. In our case, a compression along the [111] growth axis would lead to more complex

deformation of the crystal structure due to the simultaneous activation of several secant {111}
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Figure 5.11: (a) The profile along g, of multiple sets of fringes of one of the (331) signals from
NW3 is shown. The experimental data (blue curve) and the model (red curve) are visible.
(b) Phase structure obtained by modelling the periodicity of the fringes measured for one
nanowire (NW3): the grey and yellow segments indicate ZB and TZB units, respectively. The
red arrow shows the ZB units extracted from the periodicity of the fringes in (a).

glide planes. The shear stress applied mechanically during the contacting procedure results
in initiation of glide systems and, therefore, may change the nature of the phase boundaries,
enhancing the number of stacking faults. Another possibility, as the position of the W tip on
the nanowire top surface cannot be precisely controlled at the nanometre scale, is a bending of
the nanowire structure with a tilt of the ZB and TZB units with respect to each other. The sum
of the total length of structural units with well measurable thickness oscillations reproduces
the nominal length of the NW (about 1 ym) for NW1 and NW2 only. The other NWs show
additional elongated diffraction signals (stripes) in reciprocal space without measureable
thickness oscillations (figure 5.10 (b)). The extension of these stripes along gy or g, (with
typical value ~0.02 A~!, and exceptionally ~0.06 A~! only for NW3) are much longer than
2n/dyw (where dyw is the nominal diameter of the NW). Therefore, these features may
originate from shearing and twisting of structural sub-units as an additional result of the
plastic deformation (figure 5.11 (c)). As a rough estimate of the volume affected by shear, we
measured the length of these features along the in-plane components with respect to the
nominal diameter of the NW, multiplied by the size of the feature along g.. A comparison of
the integrated intensities revealed to be extremely challenging due to the complex shape of
the signal, which makes a clear distinction impossible. However this was successfully done for
NW3 (figure 5.10), by comparing the intensity of signals 1 and 2, and gave ~ 10% difference

compared to the method previously described. We suppose that each of these sheared units
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Figure 5.12: (a) RSM of NW3 for reflection (422): a defined diffraction peak (1) and an elongated
diffraction signal along the g, direction (2) without measureable thickness oscillations are
visible. Feature (2) might originate from shearing and/or twisting of structural sub-units as a
result of the plastic deformation. (b) Example of a pure ZB or TZB portion in sheared/twisted
and sheared configurations.

is composed only of ZB or TZB sub-units respectively, according to the analyzed reflection.
This gives the minimum length of the additional portion which matches fairly well the missing
length of the respective NWs. The results of the presented analysis are shown in table 5.2 as

sheared portion for the respective reflections.

5.8 The correlation

The structure and electrical information for several NWs was extracted in order to correlate the
results of the V-1 characterization and the X-ray analysis. The main result observed is that R;
and effective mobility u are related to the composition of the respective NWs. In more detail,
figure 5.13 shows R; and p as functions of the number of segments evaluated (figure 5.13 (a))
(i.e. of the number of interfaces) and of the mean length of those segments (figure 5.13 (b)).
The resistance shows a monotonic increase with increasing number of segments in the NW,
while no clear dependence was observed as a function of the segment length. Therefore, one
may conclude that at the phase boundaries within the NWs, between the ZB and TZB units,
multiple stacking faults may occur, mainly induced by the contacting procedure, and act as
scattering centers for the electrical current. Figure 5.13 shows that the values extracted by

methods A and B follow the same trend, and that the final result does not depend on the model
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Figure 5.13: Total extracted resistance R and the inverse of effective mobility 1/, as functions
of the number of segments (number of interfaces) (a) and the mean length of the perfect units
inside the nanowires (b).

used. The trend suggested is clear in the case of NW1 and NW2. It may become questionable
in the NWs including a sheared portion, as those units may be composed of several ZB and
TZB units, increasing the number of active interfaces. As for most of the NWs continuous
sheared portions were observed, either at ZB or TZB reflections, the sheared units may not
contain additional structural interfaces. Nevertheless, as strain is known to affect mobility, the

influence of the sheared segments on the electrical transport is open to further investigations.

5.9 Discussion on the present results and summary

The results shown here represent a successful attempt to study the correlation between struc-
ture and electrical properties of a series of single as-grown NWs made on the same objects.
The method presented is a promising route for finding relationships between structure to
properties of single nano-objects, where the V-I characteristics are an example. It is partic-
ularly suitable for the characterization of NWs with different sizes, phase compositions and
defective crystal structures. The combination of X-ray nano-diffraction with electrical char-
acterization allows investigation of the same as-grown nanowires. However, measurement
of the same NWs in the FIB chamber and at a synchrotron beamline requires careful sample
preparation, such as the setting of markers and other visible indicators for the recognition of
the nano-objects. The electrical characterization shows different trends and gives different
electrical parameters among the various NWs. The values presented, extracted according

to the procedures described and under specific boundary conditions, do not pretend to be
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absolute. As the main objective of this work was to correlate electrical and structural quanti-
ties within the measured NWs, the interpretation of the results focused on the difference in
the values of resistance and effective mobility (figure 5.13). Several questions are still open
and require further investigations; among them, the influence of surface states [35] and the
presence of a possible piezoelectric effect during the contacting procedure [137]. The ability
to detect structural damage induced by the contacting procedure in nano-objects is not trivial
and has been revealed to be crucial for the overall interpretation of the electrical properties.
Here, the plastic deformation detected in the structure analyzed is likely to have originated
from the action of the W tip on the GaAs NW. A perturbation to the system under investigation
induced by the probing device and contacting procedure is an issue to be taken into account
in real devices. The impact of the plastic deformation on R, can be estimated from the error
bars of the individual points shown in figure 5.13. As a result of the structural investigation,
the combination of diffraction patterns from different Bragg reflections allowed the struc-
tural composition of the different NWs to be quantified. The nano-objects inspected were
composed of several ZB segments alternating between the two possible ZB orientations; and
accompanied in some cases by a continuous plastically deformed portion. An additional
challenge is to develop characterization methods which are non-destructive at the nano-scale,
and which do not influence the measurement itself. This is to limit the inter-relations of data

originating from two or more different types of measurements of the same object.

5.10 The last attempts with STM

After the X-ray measurement, an additional attempt to characterize electrically the same
NWs was performed in a STM chamber in the Synchrotron Radiation Research group of Prof.
Anders Mikkelsen at the University of Lund in Sweden; with the aim to reproduce the previous
results. The details about the experimental configuration can be found in ref. [145]. The
experimental procedure revealed to be particularly challenging. The direct identification of
the nano-objects in STM mode requires a conductive surface to be probed. The mentioned
condition was not satisfied, due to the insulating layer on the sample surface. In addition,
as shown in figure 5.2(a), a self consumption of the Ga droplet at the NW top was performed

during the catalyst-free MBE growth.
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Figure 5.14: (a) The V-1 curves collected with STM are compared visually with the characteristic
measured in the FIB chamber (green curve) for the same NW. (b) In the shown example, the
green (FIB) and blue (STM) curves follow the same trend apart from a scale factor, in this case
2.5 (orange curve).

The sample was glued with liquid indium (constituting the back contact) in an AFM/STM
chamber. The sample was aligned with an AFM tungsten tip in non-contact mode, with an
offset in height of ~ 600 nm above the sample surface, in order to identify the single objects
without destroying them. For this purpose, a sample surface perfectly parallel to the direction
of the AFM scan is required. One of the objects was successfully identified; and its top surface
was scanned in STM mode to collect the tunnelling current. The tip was then approached and
kept fixed on the surface by applying different pressures (not exactly quantified) during the
collection of V-1 curves. The pressure, likely related to the quality of the contact, was optimized
until reproducible characteristics could be obtained in a range of voltage between -5 V and
+5 V. Contrary to the characterization in the FIB chamber, it was possible to resolve different
positions across the top section (with minimum distance ~50 nm from each other) of the
same NW. The corresponding curves revealed different trends in terms of maximum current
(figure 5.14(a)). However, a qualitative agreement was observed between the shape of the
curves measured with STM and in the FIB chamber. For negative voltage, the curves follow
the same trend (figure 5.14(b)). Only a scaling factor is required to bring them into alignment,
as confirmed by the superimposition of the orange and green curves in the example shown in
figure 5.14(b). For positive voltage, the agreement is less pronounced. It is worth to mention
that in those types of measurements a crucial role is played by the quality of the STM tip,

which may influence the final data acquisition; therefore a proof for the local dependence
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of the electrical response, for example on the inner (internal core) or outer (external shell)

regions of the NW, requires additional characterizations.
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Strain impact of BCB polymer curing
on embedded semiconductor nanos-

tructures

In chapter 6, the XRD ensemble measurements of GaAs nanostructures embedded in a BCB
based polymer matrix are presented. The presence of elastic strain in the organic polymer is
revealed and associated to the thermal annealing performed during the sample preparation.
The measured compressive strain can be attributed to the different thermal expansion coef-
ficients of polymer and semiconductor. In addition it will be shown how the effect of X-ray
radiation combined with the application of an external electric field results in the split of the
BCB polymer chains and the polarization of the polar sub-molecules generated. This process
leads to a local release of the pre-compression in the polymer with resulting strain decrease in
the embedded nanostructures. Most of the elements (text and figures) presented hereafter are
published in

Bussone et al.,Physica Status Solidi RRL, 8(12):1007, 2014.

6.1 BCB, anorganic polymer for the planarization of nanostructures

As stated in chapter 2, in the last years, organic polymers, such as Benzocyclobutene (BCB)
[97], poly(methyl) methacrylate (PMMA), and SU-8, have been commonly used as embedding
media in modern electronic applications [80, 146, 44]. In particular they are suitable for large

area planarization and subsequent metallization of ensembles of nanowires. Efforts have
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BCB polymer

GaAs NWs

l/ \ GaAs clusters
s

Si substrate

2 pm ——

Figure 6.1: SEM image of GaAs NWs and parasitic clusters on the growth substrate, embedded
in a BCB polymer layer, and covered by a metallic contact.

been invested to find the best embedding media. The performance of modern devices is
nowadays limited by the signal transmission in the device itself [46]. Crucial is the dielectric
constant of the chosen materials, its square root has an inverse proportionality to the velocity
of the pulse propagation. Great importance was therefore attached to the development of
low dielectric constant media [98]. Furthermore the chosen polymer has to withstand high
temperature processes [121] with no significant degradation. From comparative studies [25]
of several polymers, with the aim of determining the quality of the embedding means after
the preparation process and the response to external perturbations, BCB-based polymers
have been revealed to be the most suitable from structural and electrical points of view. They
allow the preparation of planarized NW ensembles with a low number of voids and increased
break-down voltage. However, a critical parameter that has not been considered so far is the
difference in thermal expansion coefficients of BCB and the embedded semiconductor, which

may give rise to strain and to degradation of the device performance.

6.2 Samples and experimental method

The BCB-based polymer belongs to the series CYCLOTENE 4000 from Dow Chemical [104]. It
is a good dielectric material, with low dielectric constant (e = 2.65), low curing temperature, low
moisture absorption, high planarization properties and wide application in GaAs electronic
circuits. The synthesizing process is described in ref. [154]. It is a negative photoresist

composed of a resin, a photoactive compound and a casting solvent. As shown in figure 6.1,
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GaAs (111)-oriented NWs grown by MBE on a highly n-doped Si substrate (with a resistivity of
1073Q/cm) are used as planarized objects. The nanowires, with mean height and diameter
respectively of 1.5 um and 150 nm, have a number density of 108cm™2. Among the NWs, the
parasitic growth of GaAs clusters takes place as well (figure 6.1). The planarization procedure
is described in ref. [41]; it includes the spin coating of the fluid polymer, a UV exposure of 1.3 s
duration and a final thermal annealing for 30 min at 525 K. The resultant resin is insoluble
in the region exposed to UV light, as the radiation leads to crosslinking of the polymer chain
and an increase in the molecular weight. The last curing is crucial for the hardening of
the polymer, due to further crosslinking of the polymer chain, which makes it suitable for
electronic applications. Contrary to the suggested procedure [41], the etching and sonication
steps were omitted, to keep the thickness of the deposited spin coated polymer ~40 nm higher
than the mean length of the NWs, in order to avoid a direct electrical contact and breakdown
current. Then two 10 nm Ti/150 nm Au contacts were deposited onto the front and back
sides of the sample. The contact on the front side had a 0.5 mm to 1 mm diameter and the
contact on the back side was covering the whole surface. X-ray investigation of the polymer-
embedded nanostructures was performed on the sample, to quantify the strain state of the
amorphous polymer indirectly by measuring the strain of the crystalline NWs. The prepared
sample was measured using a monochromatic beam with an energy of 9 keV and 15 keV in
two separated experiments with the initial aim to measure the piezoelectric effect (see section
2.4.2). The beam size was fixed to 300x300 um? using a pair of motorized slits in front of the
sample. The strain induced by the BCB polymer was probed at the symmetric (333), (444)
and the asymmetric (422) reflections of the GaAs NWs. From the obtained RSMs, the peak
profile along the wave vector transfer parallel to the [111] surface normal (g.) was extracted to
visualize the strain along the direction of growth. Furthermore, during the measurement, a
static electric field was applied to the sample, in order to measure the piezo-response of the
wires to an external electric field. A special sample holder in Teflon (shown in figure 6.2) was
prepared in order to ensure the electrical insulation of the sample from the structure of the
diffractometer. It allows the fixation of an additional Printed Circuit Board (PCB) holder (Cu
coated) connected via flexible connectors to side pads, for an intuitive contacting of the top

contacts of the sample.
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Figure 6.2: Teflon sample holder.

6.3 Elastic strain inherent to the thermal history of the fabrication

method

The X-ray diffraction results suggest the presence of structural changes in the NWs, with
respect to their as-grown state, due to the polymer curing. Figure 6.3 shows 2D reciprocal
space maps of samples at different steps of the preparation process. Three reciprocal space
maps around the (333) reflection are shown: one for the as-grown nanowires, a second for
the embedded sample without the last annealing step at 525 K, and a third for an embedded
sample after complete preparation; all of them in the absence of an external electric field. The
most intense peak in each map corresponds to the (333) Bragg peak at g, = (5.780+0.002) A~!
of the GaAs NWs. The corresponding lattice parameter is given by a ~ 5.65 A according to eq.

3.1 and eq. 3.5, which indicates that the NWs are fully relaxed.

Interestingly, in the third map in figure 6.3, a second diffraction signal is observed at larger
g values (Ag, ~ 0.02 A~1), suggesting the presence of a structural modification in the fully

processed NWs. The measurement of symmetric and asymmetric reflections allows the feature
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Figure 6.3: From left to right, comparison of reciprocal space intensity maps for: as-grown
NWs, embedded NWs before and after last curing step. The intensity is normalized to the
respective maximum in each map.

to be identified as a compressive uniaxial strain of the NW along the (111) growth direction.
The peaks were deconvolved and fitted with two Lorentzians in order to determine their
peak centres, 4z, uinea A0 Gz, 0in.0» TESPECtivEly. The corresponding interplanar distances
d

and d were then calculated according to eq. 3.5. In the approximation of

Zunstrained Zstrained

kinematic scattering (see section 3.2), the diffracted intensity is proportional to the volume
square. Therefore, the comparison of the integrated intensities of the unstrained and strained
signals showed that the strained signal corresponds to less than 4% of the total scattering
volume. This depends on the inhomogeneous nature of the sample, consisting of a mixture
of nanowires with variable heights and crystalline clusters; and the fact that a X-ray beam
with size of hundreds of ym measures average properties. In some areas of the sample, SEM
measurements reveal that only 15% of the structures are actually standing NWs; and among
them bent NWs and NWs emerging from the polymer layer are visible (figure 6.6). The value
of strain was calculated according to eq. 3.15; it was measured at three different positions on
the sample and varies between -0.1% and -0.3% (as shown in figure 6.4) before the application
of the external electric field. The inhomogeneous thickness of the BCB layer and/or number
density of the NWs in the different regions under the contacts explains the strain difference

Ae ~ 0.2% of the data sets indicated as posI and pos2 in figure 6.4.
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Figure 6.4: Strains values extracted from the X-ray diffraction data in three different areas on
the sample. The data sets (pos 1,2,3 ref) around the zero value are calculated from the Bragg
peak position of the unstrained GaAs NWs. The remaining data sets (pos 1,2,3 strained NW),
calculated from the Bragg peak position of the strained NWs, show a decrease in the absolute
strain during the application of the voltage cycle.

6.4 Thermal expansion coefficients and polymer curing: the FEM

simulation

The strain measured in the annealed sample is induced in the nanostructures during the curing
step and arises from the different thermal expansion coefficients of the polymer (apcp ~
52-107%/K) and the GaAs (agaas ~ 5.73-107/K), and the subsequent change in the volume of
the polymer. This is confirmed by Finite Element Modelling (FEM) simulations that have been
performed to predict the strain induced by the thermal process in a (111)-oriented NW and a

GaAs cluster.

The FEM simulations have been performed with COMSOL Multiphysics [30]. The used ge-
ometries represent a vertical GaAs NW with diameter 150 nm and lenght 1.5 um, and a GaAs
cluster with diameter 500 nm and height 200 nm. They were both embedded in a BCB polymer
parallelepiped having base 25 ym by 25 ym and height 40 nm higher than the NW. The crystal
orientation of the GaAs nano-structures was defined vertically along the [111] direction with
the related oriented elasticity matrix for isotropic materials (see section 3.14). In first approach,
as the interesting strain component will be along the growth axis (e33), no corrections for the

presence of twinned ZB orientation was considered. Moreover, the absence of WZ was con-
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firmed by the XRD data. In addition, SEM images showed no significant tapering in the NWs,
whose diameter is kept uniform all along the NW height. The following boundary conditions
have been applied: a fixed constraint at the bottom surface of the polymer block and the NW,
due to the presence of the substrate; a roller at the four lateral sides of the BCB block, in order
to take into account the presence of additional material free to expand or contract. The effects
of the thermal expansion coefficients of the two linear elastic materials (GaAs and BCB) were

simulated with the Solid Mechanics module according to equation [113]

EijzafijAT (6.1)

where ¢;; are the strain components, AT is the variation of temperature and «a;; are the

thermal expansion coefficients of the material, which according to [1] are

a1 0 0
0 anp 0 (6.2)

0 0 an

for a cubic system, with @) = @gaas. The variation of the thermal coefficient of GaAs due to
temperature is neglected in first approximation (¢ggas = 6.5 107%/K at 503 K [83]), as well as
the temperature dependence of apcp (in a similar resin, CYCLOTENE 4026-46, the coefficient

can get up to 60-107%/K at 473 K [43]).

A first intuitive calculation, considering the one dimensional strain € (see section 3.15), allows
the calculation of its maximum expected value due to the different linear thermal expansion

coefficients of the materials

€Gaas —€BcB = AT{@gaas — apcp} ~ —0.9%. (6.3)

Higher reliability can be assigned to the FEM simulations, which take into account the crys-
tallographic orientation of the material, the actual shape of the NWs and parasitic clusters,
and include a two step process. A temperature variation in two consecutive steps is simulated:

from 300 K (Room Temperature (RT)) to 525 K and from 525 K to 300 K (RT). The first heating
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Figure 6.5: Strain distribution, along the growth axis of the NW, obtained by FEM simulations
in a NW (a) and in a GaAs cluster (b).

step results in an expansion of the polymer and a consequent tensile strain along the [111]
direction in the NW. The results of the first step were then used as starting values for the
following one. The second cooling step originates a contraction of the polymer and results in a
compressive strain along the NW growth direction (figure 6.5 (a)), in the order of €, =-0.9%
(mean value). The strain gradient visible in figure 6.5 (a) is originated from the shrinkage of the
polymer matrix close to the side facets of the top of the NW, which results in a relaxation of the
GaAs lattice along the vertical axis. This effect is not visible in the GaAs clusters (figure 6.5 (b)),
where the strain is uniform and estimated in the order of €, .., = -0.1%. A value of ~ -0.3%
strain is obtained with a weighted arithmetic mean, based on the observed content of 15%
NWs and 85% clusters. This value is comparable to the measured strain, and the difference
is likely related to the non-uniform nature of the sample. Thus bending of individual NWs
(figure 6.6), voids close to the nanowire side walls and the surface, as well as the heterogeneous
size distribution of the parasitic islands, change the actual geometry. The assumptions made,

for the sake of simplicity, do not include the mentioned issues.

6.5 Application of an external static electric field

As second step, an external voltage was applied to the contacted regions on the cured sample
and the areas were probed again with X-rays, while the voltage was changed in a cycle between
V=0V and V= +20 V followed by a variation between V= 0 V and V= -20 V. Considering the
sample thickness, the applied voltage resulted in an effective electric field ranging between
6.6-10° V/m and 1.3-107 V/m. The variation in strain as function of the applied voltage is

shown in figure 6.4: the absolute strain always decreases and it is independent of the sign of
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Figure 6.6: GaAs NWs emerging from the BCB polymer layer and the metal contact. Their
structure is likely bent.

the electric field. Instead, a time dependence is observed by comparing the data sets pos2 and
pos3 strained NWs, where the calculated strain changes are (0.02+0.01)/ voltage step for pos2
and (0.04+0.01)/ voltage step for pos3. In the present case, the strain before the application
of the electric field is the same for the two cases; but the X-ray exposure time was doubled
for pos3 (texps =12.6- 103s) compared to pos2 (and posl, where toxp12 = 6.7 - 1035s). As shown
in the complete voltage cycle in figure 6.4, the combined effect of X-ray radiation and the
application of an electric field leads to a release of strain that is independent of the sign of
the applied voltage. This can be explained as an effect of absorption that leads to radiation
damage of the BCB matrix. As reported by Coffey [27], bond breaking of polymer chains is a
well-known effect under soft X-ray radiation and is accompanied by a loss of mass. Here, the
hard X-rays used are responsible for the breaking of C double-bonds within the non-polar
BCB molecule [114], that leads to a conrotatory ring-opening reaction and the formation
of polar submolecules [128, 55, 71]. If the aromaticity of the BCB benzene ring is broken,
a reverse reaction is highly favored [104], and that results in a self-healing of the polymer
damage induced by X-rays. The processes of X-ray induced damage and recombination take
place on a very fast time scale, therefore they do not result in a change of the polymer structure.
In contrast, a change in the polymer structure and its elastic properties occur when an electric
field is applied simultaneously under X-ray irradiation. Consequently, the electric field is
responsible for the reorientation of the decomposed polymer chains and acts against the
preferred crosslinking. The damage caused by X-rays and the dipole orientation, due to the
electric field, affects the hardness of the polymer, and for that reason reduces the compressive
stress acting at the NWs structure. When the electric field is brought back to zero, the strain

remains constant (as can be observed in figure 6.4 at position Al and A2 of the pos! and pos2
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Figure 6.7: Sketch of the evolution of the strain state in the BCB embedded NWs under X-ray
illumination and in function of the applied voltage and time.

strained NWs data sets). This behaviour is consistent with existing reports about the electret
features of BCB thin films [133], known for their ability to keep the polarization state. Finally,
the direction of the polarizing field does not affect the strain release. With a reversed field,
the orientation of the dipoles is inverted, but the recombination of the polar submolecules is
still unfavorable (figure 6.7). This effect was found to persist for up to five hours. Additional
characterization is needed to understand whether the polymer changes are reversible or not.
The decoupled application of an electric field and an extended exposure to X-rays have been
tested as well, and revealed no measurable effects. Within this context, we can exclude the
possibility of detecting lattice expansion due to the piezoelectric effect, which is expected to

be one order of magnitude smaller than the strain state detected.

6.6 Summary

The thermal processing of the BCB-based polymer up to 525 K is responsible for the presence
of an initial strain in the nanostructures probed via X-ray diffraction. The local release of the
pre-compression in the polymer with resulting strain decrease in the embedded NWs was
observed under the effect of X-ray radiation, combined with the application of a static external
electric field. It originates from the split of the BCB polymer chains and the polarization of the

polar sub-molecules generated.
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The conclusions can be resumed in three main outcomes.

The scientific life of a NW starts with its growth.

The arrangement of single nanowires on their growth substrate is nowadays required in elec-
tronic and optical devices. Gold implantation by FIB was confirmed to be an effective method
for the growth and positioning of GaAs nanowires on GaAs substrates. The measurement of
single GaAs nanowires was successfully carried out using n-XRD in non-coplanar GID geome-
try for the first time. Despite the strong influence of parasitic growth on the sample surface,
the NWs exhibited a twist about the growth axis with respect to the substrate, and showed no
significant strain state along the height of the NW. Moreover the technique, sensitive to the
top few layers near the surface, revealed the presence of a gradual in-plane compressive strain
in the substrate, on average -0.4%, measured at different distances from the area subject to Au
implantation. This provides valuable information about the growth; and highlights the poten-

tial of the characterization technique used, which constitutes a new source of information.

Afterwards, the investigation of the physical response at the nano-scale becomes relevant.
A correlation was found at the nanoscale between the electrical response and the structure
of single GaAs nanowires in their as-grown geometry for the first time. N-XRD revealed the

polytype composition of single NWs, which were shown to be composed of different numbers
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of ZB and TZB units stacked above each other along the growth axis. The electrical character-
istic of the same NWs were measured in a SEM-FIB chamber, showing significant differences
among them. A careful analysis of the role played by the contacts was carried out, and allowed
the extraction of electrical parameters such as the resistance and the effective mobility. The
difference of those parameters in the NWs measured was then correlated with the number of
interfaces along the NW growth axis. Those interfaces were revealed to be scattering points
for the current flowing into the device. The successful combination of the two experimental
techniques had to deal with the damage induced in the NW structure, due to the indentation
of the contacting tip on the top of the nanowire. This resulted in a complex slip, shear and
twist deformation, whose marks have been observed in the diffraction data. The combination
of the techniques presented is a powerful tool, which may be applied in the characterization

of different materials and NWs heterostructures.

In the end, the NWs arrive at the final stage of their scientific path: their application in real
devices.

The embedding of GaAs nanostructures in a polymer matrix is nowadays very common in
electronic devices. XRD on ensemble NWs indirectly revealed the presence of a strain state
in the amorphous polymer due to the thermal processing. The nano-structures were shown
to be affected by a compressive strain of the order of -0.3%. This was in line with the FEM
simulations, which, in the ideal case, predict a strain of the same order of magnitude (-0.9%). In
addition, the sample was contacted and the application of a static electric field was carried out
in-situ under X-ray illumination in order to investigate the indirect piezo-electric response in
the GaAs nanostructure. Unfortunately, the investigation was not possible in the present state,
as the procedure mentioned turned out to be responsible for a change in the initial strain state
one order of magnitude greater than the piezo-electric response expected. The modification
detected was due to the split and reorientation of the polymer into polar sub-molecules, which

resulted in a release of the strain state.
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