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Zusammenfasung

�Ich habe keine besondere Begabung, sondern bin

nur leidenschaftlich neugierig.� Albert Einstein
1

Eines der zentrales Anliegen der Technologie des 21.Jahrhunderts ist die Produk-

tion und Anwendung e�zienter und miniaturisierter elektronischer Bauelemente. Zum

Beispiel erweisen sich Galliumarsenid-Nanodrähte als überlegene Kandidaten für mehrere

(opto-)elektronische Anwendungen, z.B. als Solarzellen. Allerdings sind wir derzeit

nur wenige Schritte davon entfernt, die Nanodrähte in unseren Alltag zu bringen. In

dieser Arbeit trägt der Autor zu einigen notwendigen Fortschritten bei der Synthese

von Galliumarsenid-Nanodrähten auf wirtschaftlichen Si-Substraten bei, das sind: i)

Engineering des Nanodrahtwachstums mit kontrollierter Gröÿe und Position, die in

zukünftigen Geräten erforderlich sind; ii) Entwicklung grundlegender Erkenntnisse bei

der Integration der Nanodrähte auf Si-Plattformen durch In-situ-Monitoring der Nan-

odrähte während der Synthese.

Der Autor demonstriert seine erfolgreichen Versuche, das Wachstum von vertikal

ausgerichteten, selbstkatalysierten Galliumarsenid-Nanodrähten auf Si(111)-Substraten

zu kontrollieren. Insbesondere werden die Nanodrähte durch einen Dampf-Flüssigkeit-

Feststo�-Mechanismus innerhalb eines Molekularstrahlepitaxiesystems nach der Posi-

tionierung von Galliumtröpfchen gezüchtet. Auf dem nativen Oxid von Siliziumsub-

straten konnte der Autor die Gröÿe und Homogenität der Nanodraht-Arrays kontrol-

lieren. Auf dem thermischen Oxid von Siliziumsubstraten konnte die Wachstumspo-

sition des Nanodrahtes mit einem fokussierten Ionenstrahl genau de�niert werden.

Der Autor konnte auch einen signi�kante Reduktion der Keimbildung von unerwün-

schten parasitären Objekten auf dem nativen und thermischen Oxid von Si-Substraten

erreichen. Um die Qualität des Wachstums weiter zu verbessern, wurden Temper-

prozesse nach dem Wachstum untersucht, um das parasitäre Wachstum vollständig zu

unterbinden und den Durchmesser der Nanodrähte zu verringern.

Der Autor könnte das Wachstum einzelner Nanodrähte mit Hilfe eines einzigarti-



gen in-situ Röntgenbeugungsexperiments überwachen. Insbesondere wurden die Nan-

odrähte während des Wachstums und des Rückwachstums (Tempern) von einemMikrom-

eter groÿen Röntgenstrahl innerhalb der Synthesekammer beleuchtet. Auf diese Weise

wurde die Dynamik der Nanodraht-Kondensation und -Verdampfung extrahiert. Der

Autor konnte Analysestrategien entwickeln, um einzelne Nanoobjekte unterschiedlicher

Gröÿe (0D, 1D), Kristallorientierung und Struktur zu identi�zieren und in-situ zu

charakterisieren. Dementsprechend wurden einige originäre Ergebnisse erzielt. Es

wurde festgestellt, dass das Nanodrahtwachstum in zwei Phasen abläuft: nämlich i)

axiales Wachstum in der Anfangsphase zusammen mit den Winkelinstabilitäten des

Nanodrahts; gefolgt von ii) radialem Wachstum in der zweiten Phase zusammen mit

der Winkelstabilisierung. Die in-situ-Überwachung während des Wachstums der Rück-

reaktion ergab, dass die Nanodrähte bei reduzierten Durchmessern Vibrationen oder

Biegungen ausführen. Schlieÿlich können die Nanodrähte nach längerer Verdampfung

der Facetten �ach auf das Substrat fallen. Interessanterweise werden bei Einwirkung

der anfänglichen Wachstumsbedingungen die Vibrationen/Biegungen unterdrückt und

die Neigung umgekehrt. Der Autor konnte eine periodische Schwingung der Nanodrähte

sowohl während des Wachstums als auch innerhalb weniger 0,01° identi�zieren, von der

wir ho�en, dass sie in Zukunft weiter untersucht werden.



Abstract

�I have no special talent. I am only passionately

curious.� Albert Einstein
1

In the 21st century, one of the central concerns of technology is the production

and application of e�cient and miniature electronic devices. As one example, gallium-

arsenide nanowires (NWs) are superior candidates for several (opto)electronic applica-

tions, e.g., solar cells. However, we are currently a few steps away from bringing the

NWs into our daily lives due to incomplete developments in their engineering as well

as basic science. In this thesis, the author makes contributions to necessary advance-

ments in the synthesis of gallium-arsenide NWs on economical Si substrates. These

contributions are: i) engineering of the NW growth with controlled size and position,

which are required in future devices and ii) developing fundamental understandings in

the integration of the NWs on Si platforms by in-situ monitoring of the NWs during

synthesis.

The author demonstrates his successful attempts in controlling the growth of verti-

cally aligned self-catalyzed gallium-arsenide NWs on Si(111) substrates. In particular,

the NWs are grown by the vapor-liquid-solid mechanism within a molecular beam epi-

taxy system after gallium droplet positioning. On the native oxide of silicon substrates,

the author could control the size and homogeneity of the NW arrays. On the thermal

oxide of silicon substrates, the NW growth position could be precisely de�ned using a

focused ion beam. The author could also o�er a signi�cant decrease in nucleation of

undesired parasitic objects on the both native and thermal oxide of Si substrates. To

further enhance the quality of growth, aftergrowth annealing processes were studied,

which could entirely remove the parasitic growth and decrease the diameter of the NWs.

For the �rst time, the author could in-situ monitor the NW growth of individual

NWs utilizing a unique in-situ X-ray di�raction experiment. In particular, the NWs

were illuminated by a micrometer-sized X-ray beam within the synthesis chamber during

growth and reverse-growth (annealing). In this way, the dynamics of NW condensation



and evaporation were extracted. The author could demonstrate analysis strategies in

order to identify, and in-situ characterize individual nano-objects of di�erent dimen-

sions (0D, 1D), sizes, crystal orientations, and structures. Accordingly, a few original

�ndings were realized. It was found that the NW growth divides into two stages: i)

axial growth at the initial stage along with angular unstablities of the NW; ii) radial

growth at the second stage along with angular stabilization. The in-situ monitoring

during reverse reaction growth revealed that the NWs undergo vibration/bending at

decreased diameters. Eventually, the NWs can fall �at on the substrate after prolonged

evaporation of the facets. Interestingly, when exposed to the initial growth conditions,

the vibrations/bendings are suppressed, and the tilting is reversed. The author could

identify a periodic oscillation of the NWs during both growth and reverse growth within

a few 0.01°, which we hope that will be studied further in the future.
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Chapter 1

Introduction

�The next-generation optoelectronics devices will

consist of semiconductors, organic molecules, metal

complexes, and biological molecules that are regu-

larly positioned in nanospace.� M.H. Crawford, in
Semiconductors and Semimetals, 2017

1

Nanowires (NWs) are pillars with a diameter ranging between 5 and 200 nm, but

they have signi�cantly larger lengths. For example, remarkable lengths are reported for

gallium-arsenide (GaAs) NWs (100 µm [1]) and Si NWs (few centimeters [2]). From the

science point of view, the small diameter in NWs and the resulting high surface/volume

ration can change the physical and chemical properties of the bulk material, e.g., quan-

tization of physical properties, high crystallinity, new crystal structures, and possibility

to hetero-epitaxially combine incompatible materials [3]. From the technology point of

view, NWs can be used for e�cient transportation of electrons and triggering optical ex-

citation leading to miniaturization of electrical devices [4]. Down-scaling of electronics

has been an increasing demand in industry since 1960s [5-7]. Semiconductor NWs play

a decisive role in the future generation of (opto)electronic devices due to the e�cient

use of material with highly controllable properties [8].

In this thesis, we focus on GaAs compound NWs. Among semiconductors, GaAs

bulk material possesses superior properties in (opto)electronic applications e.g., wide

bandgap (with possibility of manipulation by doping), low temperature coe�cients, low

leakage current and rapid voltage buildup with illumination, and excellent resistance

to radiation and moisture (see more information in ref. [9]). Because of its superior

properties, GaAs is the most e�cient solar cell in the world and accordingly applied

in satellites for energy harvesting [9]. Use of NWs in GaAs solar cells, aside from

the general NW advantages mentioned above, assists an increased light-trapping and

1



CHAPTER 1. INTRODUCTION 2

optical absorption, and reduced photon re�ection. GaAs NWs have been used also in

other applications such as transistors (best performance among �eld-e�ect transistors,

higher than carbon nanotubes or graphene [10]), photodetectors/sensors [11-13], and

light-emitting diodes [14, 15].

Despite the superior properties of GaAs NWs, their production is still too expensive

to be vastly implemented in our daily life. In order to decrease the production costs, the

Si substrates have been used as an economical as well as a mature integration platform

for GaAs NWs [16]. The crystal structures in GaAs and Si are incompatible because

of 4.1% of lattice mismatch. However, the tiny cross-section (diameter) of the NWs

facilitates an epitaxial relation between GaAs and Si [17]. In particular, the lattices

accommodate at a small contact point, leading to strain relaxation of the crystals [18].

For the synthesize of NWs, the most common approach is the so-called vapor-liquid-

solid (VLS) mechanism. Here, vapor (V) source materials are preferentially captured

onto a liquid catalyst metal nanoparticle (L) leading to precipitation of material onto a

substrate (solid interface) and therefore solidi�cation of a NW (S) [19]. In the VLS

mechanism of NW growth, di�erent catalyst elements have been formerly studied:

mainly Au [20], but also, e.g., Mg [21], Ag [22], and Pd [23]. In the growth of GaAs

NWs on Si, Ga nano-droplets have revealed to be the best catalyst candidates in order

to gain the best purity and avoid detrimental mid-gap defects [24, 25]. That is called

self-catalyzed GaAs NW growth method. Accordingly, in the last decade, there have

been numerous studies on GaAs self-catalyzed NWs grown on Si [14,24-38]. Most of the

studies are based on molecular beam epitaxy (MBE), which is also used in the present

thesis. Here, the vapor source materials are molecular beam sources. Alternatively, a

few groups have reported self-catalyzed GaAs using chemical vapor epitaxy where the

source materials are of chemical compounds (e.g., organometallic or hydridic) [39-41].

The latter sources impose sophistication in the chemistry of the system and may be

of a disadvantage when the target is to develop basic understandings about the NW

synthesis details. Fundamental understandings are highly desirable for the development

of reliable NW fabrication processes [42].

For developing fundamental knowledge about NW synthesis details, in-situ moni-

toring of NW growth is of utmost interest. In-situ studies have been performed using

several characterization techniques targeting di�erent physical/chemical aspects of NW

growth. By the in-situ studies of NW growth using re�ection high-energy electron

di�raction (RHEED) [43, 44], transmission electron microscopy (TEM) [45-48], optical

re�ectometry [49, 50], and scanning tunneling microscopy (STM) [51], one could mon-

itor: movement of adatoms on the crystal surface, surface reconstruction, mono-layer
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(ML) growth rates, and chemical compositions. One could study crystal nucleation

and phase transformations by mass spectroscopy [52] and RHEED [43, 44]. By infrared

spectroscopy, one could access to the surface chemistry of NW growth [53]. In the past

years, time-resolved X-ray di�raction (XRD) during MBE growth has been established

as a powerful technique [54] for the investigation of the Au-catalyzed GaAs NWs [55],

self-catalyzed GaAs NWs [56-58], as well as InAs NWs [59]. These studies used a large

X-ray beam size that allows for obtaining statistical information about the evolution of

structure [55-57,59] and sizes [58] of large NW ensembles.

In most of the mentioned studies, the convolution trends of several NWs are si-

multaneously probed. In such cases, the results represent a statistical averaging of an

ensemble of NWs and give no access to the inherent �uctuation of the physical proper-

ties of individual objects, and therefore, some details are missing. In order to improve

the knowledge about NW growth mechanisms, it is required to complement those stud-

ies by the investigations which address individual NW monitoring. Up to date, TEM

is the most commonly applied technique which obtains local information from individ-

ual NWs [45-48 ,60-62]. TEM studies are usually limited to isolated NWs detached

from the crystalline substrate surface, and therefore, e�ects relating to the substrate

itself (e.g., di�usion of the growth species on the substrate) or the substrate/NW in-

terface are not accessible. The electrons interact strongly with matter, and therefore,

the probing electrons might in�uence the ongoing processes. In contrast to electrons,

the interaction of high energy X-ray photons with matter is much weaker and therefore

renders X-rays to be suitable for in-situ studies of free-standing NWs on substrates

and under processing conditions. In this thesis, we demonstrate for the �rst time,

in-situ time-resolved non-destructive high-temperature characterization of individual

nano-objects employing XRD with a micrometer-sized X-ray beam, which we call mico

X-ray di�raction (µXRD). Here, it is possible to identify individual nano-objects of

di�erent dimensions, crystal orientations, and structures. In-situ µXRD and ex-situ

scanning electron microscopy (SEM) are the main characterization techniques in this

thesis. We contribute in both fundamental understandings and engineering of GaAs

self-catalyzed NWs toward future mass production of the NW arrays in devices.

This thesis is organized as follows. Chapter 2 and 3 are dedicated to the theory and

experimental details. In Chapters 2, an introduction is given to the crystal structure

of Si and GaAs, and their epitaxial correlation is visualized. Moreover, brie�y, the

molecular beam epitaxy technique is discussed, and our unique portable MBE system is

introduced. This system is designed for in-situ XRD experiments on crystalline samples

and is one of the few currently available setups. Our scanning electron microscopy
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approach is also brie�y introduced. In Section 3.1, our µXRD experimental details are

introduced, which our group has developed that at the synchrotron radiation X-ray

source of PETRA III, DESY. In Section 3.2, some aspects of the kinematic theory of

XRD is introduced, which is the basis for XRD signal analysis from nanostructures.

In Section 4.1, low growth rate of NW growth on the native oxide surface of Si is dis-

cussed. Here, the most common approach of NW growth is criticized, i.e., NW growth

initiation by a simultaneous supply of Ga and As vapor source material. Accordingly,

a new methodology is suggested. The proposed strategy considers a Ga droplet posi-

tioning step (Ga pre-deposition) followed by controlled nucleation of GaAs from those

droplets only. The key to control nucleation of GaAs was to perform the NW growth

at substrate temperatures above 580 ± 10 °C at low Ga �uxes. By this method, the

statistical distribution of the length and diameter of the upright grown NWs decreased

to about 3−6 % of their averaged values. Besides, the growth of undesired parasitic

islands could be controlled, and also, 100 % epitaxial NW growth was realized. The de-

tailed report is under review in paper I. The low growth rates were formerly not studied

in the literature and particularly advantageous in in situ growth studies. According to

the success of this work, it became possible to in-situ monitor the average statistical

properties of the growth during the NW synthesis utilizing time-resolved XRD in paper

II.

In Section 4.2, we report and detail a lithography-free method to pattern silicon

substrates. In particular, a focused Ga ion beam is exposed at regular positions to

drill holes in a thermal oxide layer on Si(111). We show that in this method, the

hole diameter plays a crucial role to achieve single NWs at the drilled holes. To this

end, we demonstrate the critical parameters which de�ne the width of the holes: ion

dose quantities, wet etching procedures, and high-temperature steps at the process of

growth. As a result, we obtained more than 80% of the vertical NW yield. This pat-

terning method can attain great attention because it provides the following advantages:

i) lithography-free procedure, ii) quick patterning process and hole diameter optimiza-

tion within a small window of trial and error, iii) potential applicability for di�erent

material systems. The �ndings were partly presented in a conference presentation in

2016 [Conference II]; and a detailed report is published in Paper III.

In Chapter 5, we report on monitoring the growth of an individual GaAs NW within

our portable MBE utilizing the µXRD setup. After overcoming the experimental so-

phistication and challenges, a NW was monitored during about 1 hour of its growth

onto the patterned Si substrate. Based on this chapter, it was discovered that the NW

growth system is divided into two stages. In the �rst stage, the NW grows axially with
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negligible change in the diameter. Interestingly, the NW oscillates within 1° tilt angle

with respect to the substrate surface normal. In the second stage of growth, the NW

diameter starts to grow, i.e., radial growth. At the same time, the NW tilts toward the

substrate surface normal, and the vibrations stop. The outcome of this chapter is in

review for a publication in paper IV.

In Chapter 6, individual pre-grown NWs are monitored by the µXRD setup within

our portable MBE. In particular, the thermal and angular stability of the NWs were

studied during more than six hours of MBE processing at a constant temperature of

610±5 °C, i) without any supply of source material, ii) with arsenic supply, iii) with

arsenic and gallium supply. Several additional growth and annealing runs were per-

formed at di�erent annealing temperatures to support and expand the understandings

from the in-situ µXRD. The author characterized the additional growth samples by

ex-situ SEM. It is revealed that at annealing temperatures below 510±5 °C, the mor-

phology of the NWs does not change, but the Ga seed particle decreases in size or

vanish. By annealing at temperatures above 610±5 °C, the NW facets increasingly

evaporate. The evaporation of parasitic islands at such annealing conditions are much

faster than the NWs opening up the possibility to remove them in applications. Under

cases i and ii (annealing without source or with arsenic), at an annealing temperature

of 610±5 °C, several hours before full evaporation of the NWs, they become angularly

unstable, vibrate/bend, and tilt. The NW tilt was quanti�ed to vary between a fraction

of a degree up to several degrees and eventually, the NWs lie down horizontally on the

substrate. The in-situ µXRD data evidenced that in case iii (supply of both sources),

the tilting process reverses and vibrations/bendings suppress. The high angular and

su�cient temporal resolution of the µXRD setup provides us with the possibility to

disentangle the tilting and vibrations/bending e�ects. In particular, minor tilts below

0.01° were resolved and, in our case, around 1 s temporal resolution was implemented

with the possibility to increase the temporal resolution to millisecond ranges. The

results are published in paper V.
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1.1 Journal and conference presentations of this dissertation

The parts of this thesis are presented in journal papers and conference presentations as

followed.

[Paper I] S. M. Mostafavi Kashani, �Low Growth Rate Synthesis of GaAs Nanowires
with Uniform Size�, in review for publication.

Contribution: This work has been an independent contribution (Section 4.1).

[Paper II] P. Schroth, J. Jakob, L. Feigl, S. M. Mostafavi Kashani, J. Vogel, J.
Strempfer, T. F. Keller, U. Pietsch, and T. Baumbach, �Radial Growth of Self-Catalyzed
GaAs NWs and the Evolution of the Liquid Ga-Droplet Studied by Time-Resolved in-situ
XRD�, Nano Lett. 18 (101-108), 2018.

Contribution: I was the responsible person for the NW growth sample based on

paper I. I also contributed in the XRD experiments, where using a millimeter-sized

X-ray beam, thousands of the NWs were simultaneously illuminated. Due to the size

homogeneity of the NW sample, we could extract the statistical average of the NWs' size

evolution. The XRD experiment details were designed and analyzed by the colleagues

in the Karlsruhe Institute of Technology (the �rst three authors) (Section 4.1).

[Paper III] D. Bahrami and S. M. Mostafavi Kashani, A. Al-Hassan, A. Davtyan, U.

Pietsch �High yield of self-catalyzed GaAs nanowire growth on silicon (111) substrate

templated by focused ion beam patterning�, Nanotechnology 31(18), 2020.

Contribution (common �rst author): I performed the NW growth, XRD measure-

ments, and most of SEM characterization experiments. Further, I designed and devel-

oped the paper based on Section 4.2 of my Ph.D. thesis. Danial Bahrami performed

the FIB patterning process, cross-sectional SEM imaging, and contributed to develop-

ing the corresponding sections in the paper. Danial and I are alphabetically ordered

common �rst authors in this work (Section 4.2).

[Paper IV] S. M. Mostafavi Kashani, V. Dubrovskii, T. Baumbach, U. Pietsch �In-

situ Monitoring of the Growth of a Single Self-Catalyzed GaAs Nanowire by XRD�, in

review for publication

Contribution: I mainly performed the work with theoritical insights from V. Dubrovskii,

and I have performed the analysis of the data and writing of the paper with insights

from the co-authors (Chapter 5).
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[Paper V] S. M. Mostafavi Kashani, D. Kriegner, D. Bahrami, J. Vogel, A. Davtyan,

L. Feigl, P. Schroth, J. Jakob, T. Baumbach, and U. Pietsch, �XRD Analysis of the

Angular Stability of Self-Catalyzed GaAs NWs for Future Applications in Solar Light

Harvesting and Light Emission Devices�, ACS Appl. Nano Mater., vol. 2(2), no. 689-

699, 2019.

Contribution: I proposed, designed, and performed the ex-situ annd in-situ experi-

ments, and analyzed the data. I wrote the �rst draft of the paper together with Dominik

Kriegner. The co-authors contributed in the in-situ beamtimes, discussed the results

and contributed to the �nal manuscript (Chapter 6).

[Conference I] S. M. Mostafavi Kashani, et al., �Towards time-resolved in-situ x-

ray scattering of a single nanowire during growth�, DESY User Meeting, Hamburg,

Germany (2015)
Content: I presented a poster about Section 4.1.

[Conference II] S. M. Mostafavi Kashani, et al., �Thermal annealing and growth of a

single GaAs nanowire studied by in-situ time-resolved x-ray di�raction�, 13th Biennial

Conference on High Resolution X-ray Di�raction and Imaging, X-TOP, Brno, Czech

Republic (2016)
Content: I presented a poster about Section 4.2 and Chapter 6.

[Conference III] S. M. Mostafavi Kashani, et al., �Dynamics of annealing of GaAs

nanostructures (nanowires and crystallites) by in-situ time-resolved X-ray di�raction�,

NANOWIRES 2017, Lund, Sweden (2017)
Content: I presented a poster about Chapter 6.

[Conference IV] S. M. Mostafavi Kashani, et al., �Time-resolved in situ X-ray nano-

di�raction of a single growing GaAs nanowire by self-catalyzed MBE �, DGK 26th 2018,

Essen, Germany (2018)
Content: I gave a talk mainly about Chapter 5.
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1.2 Extra journal and conference presentations

During my work at Siegen University in collaboration with the Karlsruhe Institute

of Technology, I led other projects as well as participated as a contributor in other

works which were not included in the current Ph.D. thesis. The main corresponding

international conferences and journal publications are as followed.

[i] Conference Poster: S. M. Mostafavi Kashani, et al., �X-ray photoemission spec-

troscopy of GaAs/InAs core-shell nanowires�, Conference NANOWIRES 2014, Eind-

hoven, Netherlands (2014)

Content: Ex-situ X-ray photoemission spectroscopy on GaAs/InAs core-shell NWs

with di�erent shell thicknesses performed in MAX-LAB synchrotron source in Sweden.

[ii] Conference Poster: S. M. Mostafavi Kashani, et al., �In-situ X-ray studies of

GaAs nanowire growth onto silicon(111) substrate�, DGK 23rd, Bonn, Germany (2015)

Content: Time-resolved XRD characterization of ensembles of NWs (asymmetric

re�ections) was performed at Nano beamline in ANKA, KIT, Germany.

[iii] Conference Poster: S. M. Mostafavi Kashani, et al., �Towards time-resolved

in-situ x-ray scattering of a single nanowire during growth�, Conference III-V NW pho-

tonics, Bad Honnef, Germany (2015)

Content: Time-resolved XRD on an ensemble of NWs (symmetric re�ections) during

growth was performed in NANO beamline of ANKA, KIT, Germany.

[iv] Conference Poster: S. M. Mostafavi Kashani, et al., �Thermal annealing of GaAs

nanowires studied by in-situ time-resolved x-ray di�raction�, Conference NANOWIRES

2015, Barcelona, Spain (2015)

Content: In-situ XRD of an ensemble of NWs during annealing at asymmetric re-

�ections was performed in P09, Petra III, DESY, Germany. Accordingly, a phase-

dependent change of structure was found.

[v] Conference Poster: S. M. Mostafavi Kashani, et al., �Time-resolved in-situ X-

ray investigations of the MBE growth-process of semiconductor nanowires�, DESY User

Meeting, Hamburg, Germany (2016)

Content: The work was focused on in-situ and ex-situ characterization of NWs dur-

ing and after growth. Some aspects of the work are summarized as the following: i)

time-resolved microstructure and shape of NWs; ii) time-resolved RHEED as a comple-

mentary tool; iii) post-growth time-resolved thermal annealing of GaAs nanowires; iv)

ex-situ characterization at single nanowire resolution complementary to in-situ data.
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[vi] Conference Talk: S. M. Mostafavi Kashani, et al., �Thermal annealing of GaAs

nanowires studied by in-situ time-resolved x-ray di�raction�, DPG, Regensburg, Ger-

many (2016)

Content: In this conference talk, I presented the temperature-dependent e�ects of

thermal annealing (within 300 − 660 °C) on an ensemble of GaAs nano-objects. In

particular, a millimeter-sized beam illuminated thousands of NWs and parasitic islands,

and asymmetric re�ections were in-situ monitored. It was revealed that at a critical

temperature of 445±25°C, the intensity of the ZB(200) Bragg re�ection signi�cantly

drops, whereas the intensity of WZ(10.3) Bragg re�ection stays stable. The WZ signal

smoothly decreases even at 200 °C increased temperatures. Moreover, in the signal

analysis, the contribution of nanowires and the parasitic islands were distinguished.

[vii] Conference Poster: P. Schroth, S. M. Mostafavi Kashani, et al., �Time-resolved

in-situ X-ray di�raction during growth of GaAs nanowires�, Conference Desy User

Meeting, Hamburg, Germany (2017)

Content: Some aspects of the work are summarized as the following: i) �rst successful

observation of NW shell growth by time-dependent in-situ asymmetric reciprocal space

mapping; ii) clear identi�cation of corresponding Bragg peaks; iii) determination of

InGaxAs1−x fraction and composition; iv) strong impact on WZ phase revealed.

[viii] Journal Paper: B. Krause, et al., �Theoretical and Experimental Study of the

Gradient Properties and the Resulting Local Crystalline Structure and Orientation in

Magnetron-sputtered CrAlN Coatings with Lateral Composition and Thickness�, Journal

of Applied Crystallography 50(4) (2017)

[ix] Journal Paper: A. Davtyan, et al., �Threefold Rotational Symmetry in Hexago-

nally Shaped Core�Shell (In,Ga)As/GaAs NWs Revealed by Coherent X-ray Di�raction

Imaging�, Journal of Applied Crystallography 50(3) (2017)

[x] Journal Paper: P. Schroth, et al. �Lithography-Free Variation of the Number

Density of Self-Catalyzed GaAs NWs and its Impact on Polytypism�, Journal MRS

Communications 145, 1-7 (2018)

[xi] Journal Paper: S. M. Mostafavi Kashani, et al., �Temperature-Dependent Ther-

mal Expansion and Evaporation Kinetics of GaAs NWs�, paper in preparation
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Chapter 2

Crystal structure and epitaxy

�I miss the old days, when nearly every problem

in X-ray crystallography was a puzzle that could

be solved only by much thinking.� Linus Pauling,

Princeton University Press, 1994

Epitaxy is a Greek word, where �epi� means above, and �taxis� means in an or-

dered manner. In epitaxial GaAs nanostructures (NWs or other nano-sized objects),

the crystal orientation is similarly aligned with respect to the underneath substrate.

In this thesis, Si(111) single-crystalline wafers are used as the substrate. Here, the

crystallographic planes with a Miller index of (111) in the crystal of Si and epitaxial

GaAs nano-objects orient parallel to each other. In Section 2.1, the crystal structures

of Si and GaAs are introduced, and their epitaxial correlation is visualized. In Section

2.2, our epitaxy synthesis chamber is presented. In Section 2.3, our SEM approach is

explained.

2.1 Crystal Structure of Si and GaAs Nanowires

In the following section, it is assumed that the reader knows the basic crystallog-

raphy of Bravais lattices, Miller indices of planes and directions, and characteristics of

face-centered cubic (FCC) and hexagonal lattices (e.g., 3D and 2D close-packing and

ABCABC/ABAB stacking). The reader can �nd a thorough review of such topics in

basic crystallography books, e.g., ref. [63]. In Figure 2.1a−l, from left to right, the

atomic arrangements of diamond Si, zinc-blende (ZB) GaAs, and wurtzite (WZ) GaAs

crystals are shown. From top to bottom, the Bravais lattice unit cell, a top-view, and a

side view of the atomic arrangements are visualized. In particular, the atomic arrange-

11
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Figure 2.1: This �gure illustrates the arrangement of atoms in diamond Si, zinc blende GaAs, and
wurtzite GaAs. The unit cells of diamond Si and zinc-blende GaAs are depicted in cubic Bravais
lattice and compared to hexagonal wurtzite lattice. The epitaxial correlation between GaAs and Si is
visualized by showing the in-plane and out-of-plane atomic arrangements at the ABCABC and ABAB
stacked planes. For details, see the text.
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ments are shown along (top-view) and perpendicular (side view) to [111], [111]B, and

[001] directions, in diamond, ZB, and WZ structures, respectively. Those Miller indices

are the normal directions to the planes with ABCABC and ABAB stackings. The basis

for comparison between those crystal structures is the stacking of the planes in which

the atoms are 2D hexagonally arranged (equivalent to 2D close-packed (111) planes in

FCC).

The arrangement of atoms in Si crystals is similar to the well-known structure of

diamond. One could visualize the diamond structure by combining two FCC Bravais

lattices: the �rst lattice at the main coordinate system, (0,0,0), and the second lat-

tice at a translated center of coordinate to (1/4, 1/4, 1/4) × a, where a is the Bravais

axial distance parameter i.e., lattice constant (see Figure 2.1a). The stacking of (111)

planes in FCC is ABCABC where the atoms at each plane type occupy a unique set of

tetrahedral sites and appear identical from a projected view along [111] direction (see

ref. [63]). In diamond structure, two types of �A� planes exist originating in those two

FCC structures, and we denote them by A1 and A2 (the same applies for B1, B2 and

C1, C2). The ABC stacking of (111) planes in FCC can be re-written in the diamond

structure as following: A1A2B1B2C1C2. The indicated (111) plane within the diamond

unit cell in Figure 2.1a is a C1 type which is parallel to other (111) planes (A1, A2, B1,

B2, and C2). To better visualize the stacking of the (111) planes in diamond, the unit

cell in Figure 2.1a is rotated and aligned in Figure 2.1b vertically along [111] (i.e., the

normal of (111) planes). The top-view of diamond structure in Figure 2.1c shows the

hexagonal arrangement of atoms where the (111) planes are stacked onto each other.

Note that those atoms are not shown in a (111) 2D close-packed illustration. In fact,

contrary to FCC, in the diamond structure, the 3D close-packing does not result in 2D

hexagonal close-packing in (111) planes 1, 2, 3. Nonetheless, here, the atoms are hexag-

onally arranged in 2D similar to FCC. At the top and side view perspective of diamond

(along and perpendicular to [111]) in Figure 2.1c−d, the (111) atoms of the unit cell are
extended for better visualization. It is worth noting that each atom in diamond struc-

ture is bonded with four atoms within a tetrahedral molecular geometry (see Figure

2.1m). A few tetrahedral molecular arrangements are highlighted within the unit cell

in Figure 2.1a,b. As illustrated in Figure 2.1d, for example, A2 planes are sandwiched

between A1 and B1 planes. Here, each atom in an A2 plane locates at the center of

a tetrahedron with an atom of A1 and three atoms of B1 at the tetrahedron corners.
1The (111) planes have the maximum surface density in FCC but not in diamond. In

diamond, density of surface atoms in (111) planes is 4/
√

3a2and in (110) planes is 4/
√

2a2.
2The atomic packing factor of FCC is ∼0.74
3The atomic packing factor of diamond is ∼0.34
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In perfect tetrahedral molecular geometry, we have gtetrahedron = Height
EdgeLength

=
√

3/2 and

the center of the tetrahedron (central atom) is at 1/4 of the height (see Figure 2.1m for a

depicted illustration and ref. [64] for basic understanding about tetrahedral molecular

geometry). As seen in Table 2.1, in diamond-structured Si, the distance between near-

est neighbors in (111) planes (a2D−hex) is 3.8403 Å corresponding to the tetrahedron

edge length, and the distance between A1 and B1 (ad) is 3.1356 Å corresponding to the

tetrahedron height. In this chapter, a2D−hex
ad

is accounted as a geometry factor (g). For

diamond g
gtetrahedron

= 1 which means that the atoms are arranged in an ideal tetrahe-

dral molecular geometry. Moreover, each (111) plane is sandwiched between two other

(111) planes at a relative height of 1/4 (see Figure 2.1d). For example, A2 is located at

a height (along [111]) which is 1/4 of the distance between A1 and B1.

With the detailed visualization of the diamond structure, the GaAs structure can

be pictured as follows. If one substitutes atoms of Ga and As in those above explained

two FCC sub-lattices in diamond, the so-called ZB GaAs structure is constructed: in

Figure 2.1e, As and Ga sub-lattices are coordinated at (0,0,0) and (1/4,1/4,1/4)×a,
respectively. The stacking of (111) planes can be re-written as AAsAGaBAsBGaCAsCGa.

The indicated plane in Figure 2.1e is a CAs plane. Similar to the visualization steps of

diamond structure explained above, the unit cell is aligned to [111] in Figure 2.1f where

the top and side views are indicated, and they are illustrated in Figure 2.1g and h. In

the diamond structure, there is a 2-fold rotational symmetry along [111]. However, in

the ZB structure, this symmetry is broken. The polarity of the surface is de�ned by

the terminating element where group III is labeled as (111)A and group V is labels

as (111)B. For example, the surface in Figure 2.1g and 2.1h is terminated by group

V atoms (As), and it is called GaAs(111)B. Here, the surface normal ([111]B) is the

growth direction of GaAs NWs on Si(111). Each Ga atom can be seen at the center

of a tetrahedron where the corners are occupied by As atoms (and vice versa). The

lattice parameters of Si and GaAs bulk materials are seen in Table 2.1 [65]. As seen

in Table 2.1, g/gtetrahedron = 1 meaning that the atoms are arranged in ideal tetrahedral

molecular geometries in GaAs ZB. The lattice constant of Si in cubic structure is about

4.1% larger than that of GaAs in both in-plane (111) and out of plane directions (ad).

Another possible structure of GaAs which has been so far only observed in nano-

objects (not in bulk) is called GaAs WZ. As shown in Figure 2.1i−l, in GaAs WZ

structure, the planes of the hexagonally arranged atoms are stacked onto each-other

as following: AAsAGaBAsBGa. That can be compared with hexagonal Bravais lattice

where the atomic stacking is ABAB. The indicated plane in Figure 2.1i is a AAs plane.

As pointed out above, the top-view along WZ [001] is equivalent to that of [111]B in
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ZB and [111] diamond structures. One type of tetrahedral sites stays un�lled in a

hexagonal arrangement, which is also visualized by comparing Figure 2.1k and 2.1g. In

the GaAs WZ structure, g/gtetrahedron =∼ 0.9903 meaning that it deviates from an ideal

tetrahedral molecular geometry (see Table 2.1). In particular, as compared to (111)

GaAs ZB planes, in GaAs WZ, the distance between nearest neighbors within the

(001) planes, a2D−hex, is compressed ∼-0.0033% and the distance between consecutive

(111) planes (e.g., A1−B1) ,ad, is expanded ∼+0.0064% (compare a2D−hex and ad in

Figure 2.1k,g and Table 2.1). This is the origin of distinguishing WZ from ZB GaAs in

XRD measurements. It is interesting to note that as a result of the anisotropic change

of the atomic arrangement, the relative height of the central atom deviates (increases)

from the value 1/4 in an ideal tetrahedral molecular arrangement.

Lattice constant Atomic distance A1−A1 distance A1−B1 distance g/gtetrahedron

a (Å) a2D−hex (Å) c (Å) ad (Å)
a2D−hex/ad√

3/2

Si 5.43102 3.8403 9.4068 c/3 = 3.1356 1.0000
GaAsZB 5.6536 3.9977 9.7923 c/3 = 3.2641 1.0000
GaAsWZ 3.9845 3.9845 6.5701 c/2 = 3.2850 0.9903

Table 2.1: Lattice parameters of diamond-structured Si and GaAs ZB: a is the lattice constant. a2D−hex
is the distance between the nearest neighbors in 2D hexagonal planes, i.e., (111) in diamond and ZB
cubic lattices and (001) planes in WZ lattice. c is the distance between consecutive A1 planes in
diamond and consecutiveAAs planes in ZB and WZ. ad is the A1−B1 planar distance in diamond and
AAs-BAs planar distance in ZB and WZ. g = a2D−hex/ad is the geometry factor of the tetrahedral sites,
which is the aspect ration between the atomic distance in the base and the height of the tetrahedron.
gtetrahedron is

√
3/2. For details, see the text. Information of Si and GaAs ZB is taken from ref. [65]

and GaAs WZ is taken from ref. [66].

2.2 Molecular Beam Epitaxy

The revolution in sub-nanometer (atomic) control of crystal growth started in the

1950s by the German scientist, K. G. Günther, using MBE [67]. MBE was initially

known as the three-temperature method, where molecular beams of di�erent con-

stituents impinged onto a suitably heated clean substrate in ultra-high vacuum (UHV)

conditions. That resulted in a controlled deposition of high-quality stoichiometric com-

pound �lms [68]. Since then, this technique has been widely used to prepare innovative

devices or new materials (e.g., multiple constituents/dopants). Moreover, because of the

slow rates of growth and versatility of the system, MBE has been used to develop funda-

mental understandings of, e.g., thermodynamics, surface reaction kinetics and growth

dynamics of di�erent material systems. Nowadays, MBE is used in a wide range of
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material research and commercial mass production (for more information see ref. [69]).

The MBE system in this thesis is designed by the company Createc as a transportable

machine with a small size of growth chamber as compared to common MBE reactors

[70]. This compact equipment includes all the standard MBE components such as pres-

sure gauges, vacuum pumps, cooling shroud, e�usion cells with shutters, manipulator,

manipulator shutter, and a storage chamber with the possibility of storing up to four

growth samples. In Figure 2.2, a scheme of the portable MBE (pMBE) is illustrated.

The combined weight of the growth chamber and storage chamber in Figure 2.2 is about

155 kg. This part is installed on heavy load di�ractometers, as will be shown in Figure

3.1. In addition to this setup, a transport box (vacuum suitcase) was used for in vacuo

sample transfer where several samples could be prepared elsewhere, stored, and UHV

transferred. Our setup is based at the UHV-laboratory at the former synchrotron radi-

ation facility ANKA, Karlsruhe Institute of Technology, where the growth calibrations

in this thesis have been performed. For in-situ XRD measurements, the system was

transported to the beamline P09 at PETRA III, DESY.

Figure 2.2: Schematic illustration of the portable MBE system taken from ref. [70]. The green box
indicates the stationary part of the setup, which is separated from the portable part of the system
during X-ray experiments.
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2.3 Scanning electron microscopy characterization

Scanning electron microscopy was used to study the NW morphology after MBE

growth. For that purpose, the samples were removed from the pMBE chamber and

characterized using electron beams with 5 kV acceleration voltage and detecting sec-

ondary scattered electrons. The view angles to the substrates on the presented SEM

images were 0°, 30°, and more than 85° away from the substrate surface normal. It is

worth noting that the vertical scale is a�ected by tilting the substrate: for example,

thirty-degree view angle results in the reduction of the apparent vertical scale of the

upright NWs by a factor of sin 30° = 0.5, on the corresponding SEM images. The

cross-sectional SEM images are taken at substrate tilt angles more than 85°, where the

vertical deviation of the image is negligible (sin 85° > 0.99).
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Chapter 3

X-ray di�raction

"On a dark November evening in 1895, Wilhelm

Conrad Röntgen was perplexed by a �uorescent

screen in his laboratory that was glowing for no

apparent reason. Röntgen's experiment on how

cathode-ray tubes emit light appeared to be a�ect-

ing something that was not part of the study. It

took weeks spent eating and sleeping in his lab to

identify the cause of this mysterious glow." [71]

The term �X-rays� was used to address some unknown (X) rays observed acciden-

tally in the laboratory of the German physicist: W. C. Röntgen. He revealed some

characteristics of the X-rays, which rewarded him a Nobel Prize in 1901. In 1912, Max

von Laue investigated crystals for the �rst time using XRD which rewarded him the

Nobel Prize in physics 1914 [72]. He discovered that the wavelengths of X-rays are in a

similar range as the atomic distances in the solids. Accordingly, the �eld of X-ray crys-

tallography was born to study the unseen 3D periodic atomic arrangements of matter.

After 1914, one century of increasing attention to the �eld of X-ray crystallography is

recognized by 13 more Nobel Prizes in multidisciplinary �elds of physics, chemistry, or

even medicine [73].

In this chapter, the capabilities of XRD is presented in the frame of our available

equipment. First, in Section 3.1, a brief introduction is given to the type of XRD

experiment presented in this thesis. In Section 3.2, we brie�y present the kinematic

theory of X-ray di�raction. The next chapters refer to Section 3.2 for the analysis of

XRD data taken from nano-objects.

19
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3.1 X-ray di�raction experiment

In Figure 3.1, a schematic illustration of the XRD setup is shown, where the pMBE

chamber is installed on the heavy-duty di�ractometer of the P09 beamline, Petra III,

DESY [74]. The main components of this setup are the X-ray source, di�ractometer,

sample, and detector. The X-ray source is a storage ring emitting a white-light, mean-

ing that it contains a spectrum covering a wide range of X-ray energies. The beam goes

through various optic elements along the beamline to provide the suitable monochro-

matic X-ray beam for the experiment as described detailed in ref. [74]. The resulting

beam approaches the experimental hutch depicted in Figure 3.1 and is focused to the

center of the goniometer using compound refractive lenses (CRL) following some ad-

ditional steps presented in the caption of the �gure. The beam then passes through

a Be-window on the pMBE chamber to illuminate a growth sample within the pMBE

chamber. The sample is at the center of the pMBE chamber depicted in yellow in Figure

3.1b. Note that the sample is aligned to the center of rotation of the goniometer. The

goniometer allows for adjustment of the sample and the detector positions. Figure 3.1b

illustrates the accessible angular range considering spatial restrictions of the pMBE.

Figure 3.1c illustrates the respective motors used to rotate the sample. In this way,

time-resolved di�raction experiments are carried out to follow MBE processes in-situ.

The samples, as presented in Chapter 2, are Si substrates with overgrown epitaxial

GaAs nano-objects. The di�racted X-ray beam passes through the other Be-window

on the pMBE and is monitored using a 2D detector. The experimental details are

further introduced in the following.

X-rays

For the experiments, an intense monochromatic X-ray beam has been used with a

beam �ux of ∼ 1.4 · 106 photons·s−1 · µm−2. This �ux is by orders of magnitude more

intense as compared to a conventional laboratory X-ray source. Therefore, the intensity

(brilliance) is su�cient to study an individual nano-object. The X-ray photon energy

(E) was 15 keV with an energy resolution of ∆E
E

= 10−4. That is equivalent to a

wavelength (λ) of 0.826 Å (λ [Å] = 12398
E [eV]

). The experimental hutch of the P09 beamline

is located at a distance of 86.5 m down streams from the source providing a nearly

planar X-ray wave with a beam cross-section of about 0.9 mm [74]. Moreover, together

with our master student, Jonas Vogel, we developed the equipment to focus the original

beam down to a micrometer-size using a set of beryllium compound refractive lenses
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Figure 3.1: Panel (a) shows a schematic illustration of the components in the second experimental hutch in

P09 beamline of the Petra III, Desy including the pMBE system installed on the heavy-duty Huber-table of

the di�ractometer. Here, the beam comes from the right, and it is focused using the compound refractive

lenses. The intensity of the beam is monitored at passivated implanted planar silicon (PIPS) diodes. The

beam is attenuated at an absorber box and collimated at an in-vacuum slit system. Panel (b) illustrates the

illumination of a sample (depicted in yellow) within the pMBE chamber by X-rays (depicted in red). The

X-ray beam passes through the Be-windows (dashed circles at right). The sample can be reached within a

∼18° angular range in both θ and θ directions, as indicated. Panel (c) Illustrates the motor movements to

ful�ll the Bragg conditions. α rotates the goniometer around its surface plate's normal. Because the sample

is always perpendicular to the goniometer surface in this geometry, α de�nes the angle between the sample

surface and incoming beam. ω is a motor at the pMBE chamber, which rotates the sample around its surface

normal.

(CRLs) [75]. The focused beam had a size of 1.8±0.2 μm in vertical and 6.0±0.4

μm in horizontal directions measured by scanning through a sharp edge (knife-edge-

method). The maximum photon �ux of the micrometer-sized beam was ∼ 4 · 108

photons·s−1 · µm−2. At the photon energy of 15 keV, the focal distance of the focusing

setup was about 75 cm, which gives a beam divergence of ∼ 0.068° [75].

Di�raction

The millimeter or micrometer-sized X-ray beams illuminated the samples in order to

perform the XRD experiments. In order to understand di�raction at a solid, the sim-

plest explanation is given by the Bragg equation. Here, it is assumed that the incident
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beam re�ects from parallel crystallographic planes. The re�ected wave �elds interfere

with each other towards the direction of the detector. To satisfy constructive inter-

ference (di�raction condition), the di�erence between the pathways of the wave �elds

(rays) from consecutive crystallographic planes is an integer, n, factor of the beam

wavelength:

nλ = 2dhkl sin θB, (3.1)

where dhkl is the lattice spacing between the di�raction planes with (hkl) Miller indices.

Thus, θB gives the angle between the incoming beam and the crystallographic planes

under the di�raction condition. Bragg´s formula provided an epoch-making explanation

of XRD and was rewarded by a Nobel Prize in physics in 1915, one year after the Laue's

Nobel Prize [76]. Figure 3.2a shows schemes of symmetric and asymmetric di�raction

set-ups. In symmetric di�raction, the crystallographic planes at which the X-rays are

re�ected are parallel to surface (yellow lines). Therefore, the angle between the surface

and both the incoming beam and outgoing beam are equal to the Bragg angle (θ).
−→q =

−→
k′ −

−→
k is the momentum transfer wave-vector of a plane wave (

−→
k ) that hits

the surface of a crystal; and
−→
k′ is the di�racted wave-vector. In symmetric di�raction,

−→q is perpendicular to surface. In an asymmetric di�raction geometry, as illustrated

in Figure 3.2a, the Bragg di�raction planes (illustrated in green circles and red lines)

are not parallel to the surface (−→q is not perpendicular to the surface). The accessible

Bragg re�ections are illustrated in Figure 3.2b on the basis of the momentum transfer

wave-vectors −→q . Here, the y-axis shows the components of −→q perpendicular to surface

and the x-axis shows its component parallel to surface. The detailed calculations are

presented in ref. [77]. In Table 3.1, the characteristics of the GaAs Bragg re�ections

studied in this thesis are presented; in particular, symmetric re�ection (111). In a few

experiments, asymmetric re�ections, (220), (10.3)hex
1, and (311) were studied. The

detailed analysis of the results regarding the asymmetric re�ections are not presented

in this thesis.

Di�ractometer and detector image

The di�racted beam was monitored using a 2D Pilatus 300k detector (487×619 chan-
nels) with a pixel size of 172Ö172 µm2 mounted at a distance of 1100 mm apart from

the sample. In order to ful�ll the Bragg conditions at the symmetric (111) re�ection, α

1The index of �hex� refers to the hexagonal surface coordinate system [63].
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Figure 3.2: Panel (a) shows schematics of symmetric and asymmetric di�raction:
−→
k and

−→
k′ are the

incoming and outgoing wave-vectors, respectively; −→q is the transfer wave-vector, θ is the Bragg angle.
Panel (b) shows the available Bragg re�ections within pMBE chamber at an X-ray energy of 15 keV.
The gray background with angular range window of 28° at the incoming and outgoing angles represent
the new pMBE chamber and yellow and blue represent the former chamber at which all the experiments
in this thesis were performed. At a typical vertical o�set of the substrate within 5°, the yellow region
is accessible within the pMBE. For details, see page 33 of ref. [77].

Re�ection θB [°] β [°]
(111) 7.27 0
(220) 11.93 35.26

(10.3)hex 13.17 32.14
(311) 14.03 29.50

Table 3.1: The characteristics of the GaAs Bragg re�ections studied in this thesis at λ = 0.826 Å (E=15 keV):

the �Re�ection� column represents the Miller indices of the crystallographic planes, θB is the Bragg angle, β is

the angle between the substrate surface and di�raction planes.

rotation was used (see Figure 3.1c) which is the rotation around the surface normal of

the goniometer. Because the sample is always perpendicular to the goniometer surface

in this geometry, the α goniometer motor de�nes the angle between the sample surface

and incoming beam. On the other hand, for asymmetric re�ections, rotations around

both α and ω were used where ω is a pMBE motor and rotates the sample around its

surface normal. The resulting detector image at the GaAs(111) Bragg peak is shown

in Figure 3.3a. Accordingly, the detector image is transformed pixel by pixel into the

reciprocal space coordinates, as seen in Figure 3.3b using the following relations [78]:
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qz =
2π

λ
(sinαi + sin(αf+c·(iz-iz0)) cos ν) (3.2)

qy =
2π

λ
(sin ν) (3.3)

qx =
2π

λ
(sin(αf + c·(iz − iz0)) cos ν − cosαi) (3.4)

ν=c·(iy-iy0) (3.5)

where αi is the incidence angle of the X-ray beam to the substrate surface, and αf is

the exit angle of the central detector channel speci�ed by the pixel number (iy0,iz0).

The variables, iy,z, are the respective pixel numbers of the detector pixel for which the

reciprocal space position is calculated, λ is the X-ray wavelength, and c=arctan(P/L) is

a factor converting between pixel number and respective angular o�set using the pixel

size P and detector distance L.

Using the focusing optics, a few individual NWs were simultaneously illuminated on

a growing sample. Usually, only a few of the illuminated NWs ful�lled the di�raction

conditions for a given angle setting. That is because the NWs are slightly misoriented

respecting to each other. Besides, that is also a�ected by the divergence of the incident

beam. The di�raction experiment using the micrometer-sized X-ray beam is called

micro XRD (µXRD) in this thesis. In Figure 3.3b, using µXRD, the Bragg condition for

two NWs (NW1 and NW2) are simultaneously ful�lled. The di�use slope of the Si(111)

Bragg peak is observed at qz ≈2 Å
−1
; and the GaAs(111) ZB phase is observed at

qz=1.925 Å
−1
. The signal from tilted NWs lay on a sphere of constant q =

√
(q2
x+q2

y+q
2
z)

whose cut with the detection plane is labeled as Debye-Scherrer (DS) ring in Figure

3.3b. Deviation of NW orientation with respect to substrate surface normal is assigned

to the tilt angle, β. Note that in Figure 3.3b, the β angle measures the projection of

the NW tilt within the detector plane by:

β = tan−1 qy√
q2
y + q2

z

(3.6)

where qz and qy are the center of the NW peak along the corresponding reciprocal axes.

The two individual NW signals shown in Figure 3.3 are tilted by about 3° respecting

to each other. Below each ZB spot, one observes a weaker signal attributed to WZ

GaAs(002). For tilted NWs, the di�erence in the WZ and ZB peak positions is measured
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Figure 3.3: (a) Sketch of the experimental geometry of the micro X-ray di�raction experiment. Shown is the

focused incoming beam which hits the surface under and angle of αi. The extent of the beam (indicated by

the transparent red area) is such that few NWs are illuminated simultaneously. From the tilted NWs di�racted

X-ray beams propagate towards the detector. Outgoing beams have an angle αf with respect to the surface

and hit the detector at di�erent q-positions depending on the tilt of the NW. The reciprocal space axes are

indicated. (b) Detailed view of the intensity distribution in the detector plane transformed into the reciprocal

space. The shown detector frame is acquired at the vicinity of the cubic (111) Bragg re�ections of the Si

substrate, including the di�racted signal of the mixed crystal phase GaAs NWs. Note that a logarithmic color

scale is used in the plot and two NWs are simultaneously in Bragg condition. Labels de�ne the tilt β along the

Debye-Scherrer ring. Below the NW signal, a sharp spot is due to the specular beam of the substrate surface

[79].

perpendicular to the DS ring/sphere and is related to the lattice constant mismatch

between those phases [66].
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3.2 Kinematic theory of X-ray di�raction

For a detailed analysis of the data in the frame of the experiment presented in Section

2.1, the kinematic scattering approximation is su�cient. That is a classical approach

to interpret XRD, assuming weak-scattering. That means multiple scattering of X-

rays and other di�raction e�ects that become considerable at large perfect crystals are

neglected. The use of kinematic approximation in this thesis is reliable due to the small

size of the di�racting objects and leads to a considerable simpli�cation as compared

to the dynamical theory of XRD [80]. Here, incoming X-ray plane wave is scattered

at the NW only by elastic Thomson scattering. From the perspective of quantum

mechanics, under the mentioned conditions, the Born approximation is valid, and the

scattering event is a mere perturbation of the incoming wave. In the following, a brief

breakthrough to the kinematic theory of XRD is described.

Reciprocal lattice

A 3D Bravais lattice is represented by
−→
R = n1

−→a1 + n2
−→a2 + n3

−→a3 , where −→ai are the

primitive vectors of the real space and ni can be any integer [63]. Suppose that all the

lattice points from a crystal with a Bravais lattice of
−→
R illuminate identical spherical

waves. A linear combination of the spherical waves can be expressed as f(−→r ) = ei
−→
G.−→r

at an arbitrary position, −→r , in space [81]. At an in�nitely large crystal, due to the

periodicity, we have f(−→r ) = f(−→r +
−→
R ) which follows:

ei
−→
G.(
−→
R+−→r ) = ei

−→
G.−→r −→ ei

−→
G.
−→
R = 1 −→

−→
R.
−→
G = 2πm. (3.7)

From a mathematical point of view, an in�nite number of
−→
G vectors satisfy equation

3.7. The
−→
G vectors are related to

−→
R vectors as following:

−→
G = G1

−→
a∗1 +G2

−→
a∗2 +G3

−→
a∗3 , (3.8)

−→
a∗1 = 2π

−→a2 ×−→a3
−→a1 .(
−→a2 ×−→a3)

, (3.9)

−→
a∗2 = 2π

−→a3 ×−→a1
−→a2 .(
−→a3 ×−→a1)

, (3.10)
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−→
a∗3 = 2π

−→a1 ×−→a2
−→a3 .(
−→a1 ×−→a2)

, (3.11)

−→ai ·
−→
a∗j = 2πδij, (3.12)

where
−→
G is the so-called reciprocal lattice and Gi is any integer;

−→
a∗1 are called the

primitive vectors of the reciprocal lattice; δij is Kronecker delta function which is 1 for

i = j, and 0 for i 6= j.

X-ray di�raction from a large perfect crystal

Within the kinematic theory of XRD, when an X-ray beam hits a single free electron, re-

emission of a spherical wave with the same frequency takes place. The electrons around

the nucleus of an atom are considered as charge distribution cloud that is de�ned by

a density function, ρ(−→r ). Here, the integration of the charge density, ρ(−→r ), in the

whole space gives the number of electrons which refers to the atomic number, Z, in the

periodic table of elements. The charge in space at position −→r is −eρ(−→r )dr. Using this

approach, the scattering amplitude from a single atom should be weighted by a phase

factor, ei
−→q ·−→r , where −→q is the momentum transfer wave-vector as shown in Figure 3.2a.

Scattering from a whole atom is expressed by the form factor, which is de�ned as:

f(−→q ) =

∫
ρ(−→r )ei

−→q ·−→r dr =

Z |−→q | → 0

0 |−→q | →∝
(3.13)

where |−→q | is the length of the momentum transfer wave-vector. In a solid, when hit by

X-rays, several atoms simultaneously re-emit spherical waves, and thus, a description

of the wave propagation in space can be made by summing the spherical waves in

the whole space. Here, the amplitude of the scattered wave, A(−→q ), at large detection

distances (D) can be approximated by [82]:

A(−→q ) =
r0PA0e

ikD

D

∫
ρ(~r)ei

−→q ·−→r d~r, (3.14)

where r0 is the classical electron radius, P is the polarization factor relating to the

scattering geometry, and A0 is a constant. It is worth noting that the integration in

this equation is within the coherently illuminated solid. It can be seen in equation 3.14

that the amplitude of the scattered wave is proportional to the Fourier transform of
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the solid's electron density. It can be shown that the Bragg's condition in equation

3.1 can be rewritten in equation 3.15 for an in�nite, defect-free crystal (within the 1st

order Born approximation) neglecting multiple scattering and assuming a full coherent

scattering [83].
−→
R · −→q = 2πm. (3.15)

Equation 3.15 relates the momentum transfer wave-vector (−→q ) to the Bravais lattice
(
−→
R ). By comparing equations 3.15 and 3.7, it is deduced that whenever the momentum

transfer vector is equal to any of the reciprocal lattice vectors (−→q =
−→
G ), a Bragg peak

is expected. Ideally, any deviation from the absolute positions of the reciprocal lattice

points will give zero intensity due to the destructive interference of the scattered waves.

The vector variable, −→r , can be substituted by a sum of vectors −−→rcell +−→rn +
−→
r′n in

equation 3.14, where −−→rcell is the position of the unit cells in the solid, −→rn is the position

of the nth atom within the unit cell, and
−→
r′n is electron distribution around the nth atom

in the unit cell. Accordingly, the amplitude of the scattered wave is written as:

A(−→q ) = F (−→q ) ·
∑
cells

ei
−→q ·−−→rcell , (3.16)

F (−→q ) =
∑
n

f(−→q )ei
−→q ·−→rn , (3.17)

where f(−→q ) is the atomic form factor (see equation 3.13), and F (−→q ) is the structure

factor of the solid. According to the kinematic approach, XRD experiment measures

the squared modulus of the amplitude; and the structure factor indicates the strength

of di�erent Bragg peaks. The term,
∑
cells

ei
−→q ·−−→rcell , is called the lattice sum or geometrical

factor which represents the locations of the allowed (Bragg/Laue) di�raction peaks in

a solid. The resulting structure factors for the GaAs ZB and WZ structures, which are

cubic and hexagonal unit cells presented in Section 2.1, are worked out in equations

3.18 and 3.19, respectively:

F
ZB

hkl
= 4.



fAs(q) + fGa(q) h, k, l even;h+ k + l = 4n; n ∈ Z

fAs(q)− fGa(q) h, k, l even;h+ k + l 6= 4n; n ∈ Z

fAs(q)± fGa(q) h, k, l odd

0 else

, (3.18)
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F
WZ

hkl
= (1 + ei(

2π/3)(2h+k)eiπl)(fAs + fGae
i(3π/8)l)), (3.19)

where fAs(−→q ) and fGa(−→q ) are the form factors of As and Ga.

X-ray di�raction from nanostructures

So far in this section, an in�nitely large and perfect crystal is discussed. Natural e�ects

such as �nite size or the surfaces on a crystal can lead to a modi�cation of the shape of

the Bragg peaks compared to that measured from an in�nite crystal [84]. Moreover, any

deviation from the expected atomic distances can alter the angular position of the Bragg

re�ections, e.g., strain within a crystal or crystallographic defects [17]. The amplitude

of the scattered wave can be recalculated typically by taking additional functions into

the perfect crystal calculations. For example, for a strained �nite crystal, such as a

strained NW, equation 3.14 can be rewritten as:

A(~q) =
r0PA0e

ikD

D

∫
ρ(~r)Ω(~r)ei

−→q ·(−→r +
−−→
u(~r))d~r, (3.20)

where Ω(~r) is the shape function which is one within the nano-object but zero elsewhere.

The so-called displacement �eld function,
−−→
u(~r), de�nes displacement of the atoms with

reference to their expected positions at a perfect crystal. The integrated di�racted

intensity of a nano-object at a particular reciprocal lattice point is [85]:

I−→
G

(
−→
4q) =

∣∣∣F (
−→
G )
∣∣∣2

V 2

∣∣∣∣∫ Ω(~r)ei
−→
G ·
−−→
u(~r)ei

−→
4q·−→r d~r

∣∣∣∣2 (3.21)

where
−→
4q represents the vicinity of the

−→
G Bragg re�ection point, and V is the volume of

the scattering object. For a strain-free �nite-size object like a NW, the scattered ampli-

tude is given by the Fourier transform of the object shape (
−−→
u(~r) = 0 in equation 3.21).

In Figure 3.4, the intensity distribution around the Bragg peak of a NW is simulated

perpendicular to the NW growth direction. The cross-section of the MBE grown self-

catalyzed GaAs NWs is normally hexagonal. Accordingly, the intensity distribution of

the NW in the vicinity of a reciprocal lattice point is modeled by the Fourier transform

of a 2-dimensional hexagon of constant electron density (see Figure 3.4a). The squared

modulus of the Fourier transform is shown in Figure 3.4b, which is proportional to the

expected intensity distribution around the reciprocal lattice points. In this work, qz is
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the scattering component perpendicular to surface; qx and qy are the scattering compo-

nents parallel to surface. Characteristics of scattered objects (the nano-objects) in real

space are extracted from the di�raction pattern of the object (reciprocal space). For

example, the hexagonal shape is deduced by the angles between the fringes (see Figure

3.4b); and the size of the facets can be deduced from the line pro�le along each of the

six size oscillation fringes (truncation rods). The fwhm (full width at half maximum)

of the main Bragg peak is correlated to the scattering object's diameter, D (see Figure

3.4a) by

fwhm ≈ 1.68 · π
D

. (3.22)

That is approximated by �tting a Gaussian function (see the red curve in Figure 3.4c).

As seen in Figure3.4d, the spacing between the maxima along the truncation rod is

equal to 2π/D. In the experiments presented in this thesis, the size oscillation fringes are

lost in the background of the signal, and therefore, the fwhm of the di�raction peaks

from individual nano-objects is taken as the basis for extracting the objects' sizes 2.
2All the data processing in this thesis are performed by MATLAB programming

language. The analysis includes, for example, the transformation of the angular di�rac-
tometer coordinates into the reciprocal space, data plotting and visualization, and curve
�tting [86].



Figure 3.4: Panel (a) shows a hexagon with an arbitrary diameter (D) of 50 nm. Panel (b) is the
squared modulus of the Fourier transform of the hexagon. The intensity distribution is depicted in a
logarithmic color scale. In an XRD experiment from NWs with hexagonal prism shape, the intensity
distribution around a Bragg re�ection at the qx-qy plane ideally looks like panel b. Note that qx and qy
are the scattering components parallel to surface. Panel (c) is a line pro�le along one of the truncation
rods (size oscillation fringes) as indicated in panel (b). The fwhm of the central peak in panel c is
extracted by a Gaussian �t function as indicated, where D is related to fwhm as indicated. Panel (d)
is similar to panel c but with a logarithmic y-axis. Here, the size oscillation fringes are more visible,
and the spacing between the consecutive maxima is related to D as indicated.
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Chapter 4

MBE GaAs nanowire growth

In the last decades, the growth of self-catalyzed GaAs NWs on Si substrates has been

signi�cantly improved [27, 31, 33, 34, 38, 87-91]. Generally, the Si substrates are either

covered by a thin Si oxide layer (∼1 nm native oxide) or a relatively thicker Si oxide

(e.g., > 15 nm thermal oxide). Growth on native Si oxide substrates takes place at

random positions. Here, because of the complexity of the various mechanisms involved,

there is still a demand to control the characteristics of the grown NWs [34, 35, 92]. The

epitaxial NW growth on thermal oxide is normally fully suppressed, opening up the

possibility to selectively remove the oxide to de�ne the position and characteristics of

NW growth. Substrate patterning has been so far the best method to de�ne the growth

of self-catalyzed GaAs NWs onto Si [91, 93, 94]. However, patterning techniques require

a high demand in terms of equipment, expertise, and time. In this chapter, we report

on the growth of self-catalyzed GaAs NWs on Si(111) using MBE. Our studies present

attempts to tackle the demands mentioned above toward future mass production of

NW growth on both native oxide and patterned substrates. In particular, we introduce

fundamentally simple approaches, which are advantageous for applications in future

engineering.

NW growth experiments were performed in March 2014 to Dec 2016 for the �rst

time at the UHV laboratory in ANKA (the former synchrotron facility) at Karlsruhe

Institute of Technology (KIT) using the pMBE chamber. The growth optimizations on

native oxide substrate were continued till May 2015 by more than 80 growth runs, and

followed by growth runs on patterned substrates till the end of 2016 by more than 40

growth runs. Our growth results were partly summarized in a Ph.D. thesis [95], and

additional data are presented in this thesis. Moreover, the successful growth protocols

resulted in several scienti�c papers, e.g., refs. [58, 79, 96]. We present the results of

33
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several additional annealing runs performed in 2015-2017 using the pMBE chamber in

Chapter 6.

In Section 4.1, we propose a new strategy to control the homogeneity of growth on

the native oxide surface of Si. By this method, the statistical distribution of the length

and diameter of the upright grown NWs decreased to about 3−6% of their averaged

values. Besides, the ratio between the NWs and parasitic islands (PIs) signi�cantly

increased (> 30). The results of this section are in review for publication [Paper I].

In Section 4.2, an innovative lithography-free patterning method is introduced for

the NW growth. Here, a FIB is employed to pre-de�ne the position of the NWs on

Si substrate. This patterning approach is detailed (for the �rst time) for reproducible

high-yield (> 80 %) growth of self-catalyzed GaAs NWs. The results of this section are

published in [97].

4.1 GaAs growth on Si native oxide

On silicon native oxide substrate, the most common approach to grow self-catalyzed

GaAs NWs is by the simultaneous supply of As and Ga molecular beams. In this

approach, one could tune the NW characteristics on a given sample by altering the

substrate temperature, and source material �uxes. Therefore, NW density (0.01 − 1

µm−2) and diameter (10 − 200 nm) can be manipulated in wide ranges. However,

by this approach, it seems not possible to modify the mentioned NW characteristics

independently; and normally, the number ratio between the NWs and PIs (NW/PI) can

not be signi�cantly improved [30, 32, 34, 98, 99, 100]. The PIs are undesired objects

growing together with the self-catalyzed NWs on Si native oxide [101, 102].

It is widely known that natural openings (pinholes) on native Si oxide are the prefer-

ential nucleation sites for Ga and GaAs material [24]. Besides the growth optimization,

another degree of freedom to manipulate the NW growth characteristics is by control-

ling the size of the oxide pinholes. To this end, in literature, it is suggested to treat the

native Si oxide substrates prior to the growth by the following general approaches:

i) The oxide layer is thinned by wet etching or annealing. In this way, aside from a

planar oxide removal, the oxide pinholes are largely a�ected [24, 88, 95, 101, 102].

ii) The oxide is removed at selective positions by a two-step process. First, nano-

objects (GaAs crystals or Ga droplets) are grown on a substrate. The grown nano-

objects interact with the oxide [103], which leads to the development of new/bigger

nano-cavities. Second, by a high-temperature annealing step, the grown objects are
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removed [35, 88, 87, 96]. In this way, the oxide layer is mostly a�ected at positions of

the nano-objects (see ref. [88] for an atomic force microscopy analysis of the Si oxide

surface morphology in this process). Homogeneity of the developing surface nano-

cavities (pinholes) might be closely related to the growth characteristics of the nano-

objects (e.g., density and size). Because of the improvements in manipulating the

mentioned characteristics of the nano-objects, approach (ii) seems to be more controlled

as compared to approach (i). The authors in refs. [87, 96] performed the substrate

conditioning by growth and annealing of GaAs crystals. Tauchnitz et al. [88] performed

Ga droplet positioning and removal. Koivusalo et al. have combined growth and

removal of both Ga droplets and GaAs crystals resulting in a signi�cant narrowing of

the NW length distribution and also suppression of the PI nucleation [35]. However, in

their case, an intermediate exposure of the substrates to air is used. The authors in ref.

[88] have presented an attempt to achieve homogeneous NW sizes without exposing the

NWs to air. However, their strategy su�ers from consumption of a signi�cant amount

of source material. The latter is, in fact, the general disadvantage of this category of

surface conditioning approach (e.g., in refs. [35, 87, 88, 96]) which is unfavorable toward

industrial mass production.

As an alternative to surface conditioning, the NW growth characteristics can be

controlled by performing a two-step growth protocol: �rst, nano-objects (Ga droplets

or GaAs nano-objects) are pre-deposited; and second, selective growth of NWs takes

place at the pre-deposited nano-objects. Following the literature, such approaches can

be divided into two categories:

i) Relatively small GaAs islands are grown. Those nano-objects act as nucleation

sites for a following selective nucleation of Ga droplets and a consequent NW growth

[32, 104].

ii) Ga droplets are pre-deposited on the Si oxide substrate at high Ga �uxes. Then

the Ga �ux is decreased for NW growth to minimize further nucleation on the substrate

[92].

In both latter categories, one could manipulate the size and number density of the

NWs independently. The density of the NWs is related to the density of the pre-

deposited nano-objects. The control in the density of the NWs can prevent shadowing

e�ects [105], which is an essential factor in core-shell NWs. Further, one could achieve

a high homogeneity in NW length and diameter.

The Ga pre-deposition in ref. [92] is, in principle, similar to the presented approach in

this thesis, although the authors made the report in 2017 (2 years after my experiments).

Küpers et al. concentrated on decreasing Ga �ux to control nucleation. Nevertheless, a
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report on the interplay of substrate temperature and Ga �ux is missing. An increased

substrate temperature can similarly prevent nucleation of the material on the substrate.

We report that growth above a critical temperature of 580 ± 10 °C is advantageous

due to the better interaction of Ga with the silicon oxide. Accordingly, a signi�cant

improvement in the NW/PI ratio is achieved. In terms of length homogeneity, the

presented results shown in this section are comparable with those presented in refs.

[35, 92]. Also, the diameter and number density of the NWs could be controlled, which

are likewise in high demand [32, 35, 88, 92, 104]. Using the new insights in this thesis,

the advantage as compared to the literature is that i) no ex-situ intermediate step of

exposure to air is made; ii) a considerably lower amount of source material is consumed;

iii) a technically simple approach is made. These are fundamental milestones toward

future mass production.

This section is organized as follows. In Section 4.1.1, based on in-situ RHEED

method, we introduce the MBE system calibrations and qualitative characterization

of GaAs NW growth. In Section 4.1.2, sample preparation procedures are explained.

In Section 4.1.3, NW growth on native oxide is presented. In particular, �rst, based

on experimental results, the limitations of the most common approach of GaAs NW

growth (simultaneous supply of Ga and As) is discussed. The alternative method is then

experimentally worked out. That involves homogeneous Ga pre-deposition and a subse-

quent controlled NW growth from the deposited Ga droplets. In Section 4.1.4, further

analysis of the samples is presented to highlight that the epitaxial growth and density

of the over-grown GaAs nano-objects of di�erent types have been highly controlled. In

Section 4.1.5, we conclude the �ndings in this part.

4.1.1 Re�ection high-energy electron di�raction

MBE calibration by RHEED

In this work, the pMBE chamber was transferred multiple times from Karlsruhe to

synchrotron sites. During the transfer of the chamber, the system was not disassem-

bled, and the vacuum was kept. However, due to vibrations during the transfer, few

preinstalled parameters may change. Accordingly, the substrate temperature, as well as

the molecular beam �uxes, had to be re-calibrated. Additionally, an inevitable system

bake-out was required if the vacuum broke during the transfer.

Temperature/�ux calibrations in the MBE are usually performed by means of in-

situ RHEED monitoring. Here, the thermal decomposition temperature of a known
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epiready native oxide is the basis of the temperature calibration, e.g., 590 ± 10 °C for

GaAs oxides. In particular, the RHEED pattern shows pronounced truncation rods

from the GaAs surface after removal of the native oxide layer.

Under an excessive arsenic �ux, by supplying Ga, a layer by layer growth of smooth

GaAs is initiated on GaAs(100) substrate. In this case, the Ga �ux determines the 2D

growth rate. During the layer by layer growth, the intensity of the RHEED signal at

Bragg re�ections oscillates. The frequency of the oscillation determines the growth rate

of a single ML of planar ZB GaAs(100). By increasing the Ga �ux (at initially excessive

As), the transition between 2× 4 to 4× 2 surface-reconstructions indicates the switch

from arsenic-rich to gallium-rich incorporation of Ga and As species onto the surface

[106, 107]. The latter procedure ascertains the 1 to 1 incorporation of Ga and As atoms

for 2D growth and therefore determines the As �ux [108]. In this thesis, the �uxes are

given in quantities of the material to form GaAs 2D MLs onto the GaAs(100) surfaces

at a substrate temperature of 580 °C. Notably, the NW axial growth rate is signi�cantly

higher than such equivalent 2D growth rates under similar �uxes. For more detailed

information about calibrations see ref. [109].

Figure 4.1: The RHEED patterns containing: horizontal streaks from Si(111) truncation rod in panel
(a); Ga di�raction ring originating from the Ga droplets on the substrate in panel (b); re�ection spots
originating from ZB and WZ crystallographic structures in the grown GaAs nano-objects in panels
(c−d); vertical streaks originating from the NWs' side-facets in panel (e).
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Qualitative characterization of GaAs nanowire growth by RHEED

Back in the 1970s, RHEED was used to follow the growth of GaAs thin �lms [110, 111].

That is in particular because of surface sensitivity of RHEED were a grazing incidence

angle enhances the cross-section of an electron beam with the surface atoms leading to

resolving di�raction signal from a single ML of material [111]. Since the 2000s, this

technique is employed to study the epitaxial growth of GaAs NWs on Si [112, 113].

For growth experiments reported in this thesis, in addition to the �ux calibrations

explained above, RHEED was used for in-situ characterization of the growth of Ga and

GaAs nano-objects in a qualitative manner. To do so, a monochromatic electron beam

(25 KeV) with about 100 µm cross-sectional width illuminated the samples at a grazing

angle of incidence. The di�racted electron beam illuminated a phosphorous screen

(�uorescence e�ects) videotaped by a camera. Here, the mean growth characteristics

were observed from an about 0.2 square centimeter footprint, illuminating about 105−
108 NWs.

Figure 4.1 illustrates the nano-object characteristics extracted from the RHEED

data. The Si substrate covered by a thin oxide layer shows streaks originating from

the Si truncation rods [111] as seen in Figure 4.1a (horizontal lines). After deposition

of Ga droplets on the surface, a di�raction ring appears [114, 115], as seen in Figure

4.1b. The signal originating from the Ga droplets was visible only if the Ga number

density was higher than about ∼0.1 µm−2 (Ga diameter > 40 nm). This ring can be

related to the droplet correlation and form factor peaks in grazing-incidence small-angle

X-ray scattering as reported by Wang et al. in ref. [116]. The quantitative analysis of

position and shape of the Ga di�raction ring, in principle, provides information about

the average size of the Ga droplets and their statistical uniformity [116]. The RHEED

spots in Figure 4.1c usually appeared after a few mins of GaAs crystal growth using

my growth parameters on native Si oxide. During growth, the RHEED spots evolved

at the di�raction angles corresponding to GaAs WZ and/or ZB phase, as indicated in

Figure 4.1d. The orientation of the electron beam with respect to the sample in Figure

4.1c−d is along the <11̄0> crystallographic directions of the Si(111) substrate. Here,

the alignment of the GaAs di�raction spots are along the Si truncation rods (compare

panels c−d with panel a) indicating that the GaAs overgrown material is epitaxially

aligned to the Si substrate. In the case of non-epitaxial growth of the GaAs material

with Si, di�raction rings appear (see Figure 4.13). At the <112̄> azimuths, as shown in

Figure 4.1e, vertical streaks appear originating from the NW side facets and indicating

a successful NW growth. It is worth mentioning that the NW facets can appear at
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di�erent azimuths in other material systems depending on the type of the NW facets,

e.g., in GaN NWs, the NW side facets come into view at the <21̄.0>hex and <11̄.0>hex

azimuths [117].

4.1.2 Sample preparation

The characteristics of the Si native oxide samples were as followed: quarter cuts from

2-inch circular Siltronix Si(111)±0.5◦ n-doped (Ph) wafers covered with a thin epiready

layer of Si oxide. By performing a few growth runs, we found that a typical wafer-

cleaning procedure could improve the uniformity of the growth density around the

samples. In particular, we performed two rounds of ultrasonic bathing at a frequency

of 35 kHz in acetone, isopropanol, and deionized water for 5 min at each solvent.

This procedure e�ciently removes the micrometer-sized aerosol particles and organic

contaminants which stick to the wafer surfaces during processing and transferring of

the wafers [118, 119]. Afterward, using nitrogen blowing, water was removed from

the substrates. The whole ex-situ sample preparation procedure was performed in a

�ow box with cleanroom class 5 (manufacturer La�ow). Then the samples were loaded

into a pre-heating chamber and annealed at 300 °C for 1 hour in order to remove the

remaining water and volatile carbon species.

After transferring the sample to the pMBE chamber, the temperature was ramped

up to 660±5 °C, and the sample was annealed for 35 min. Typically, this annealing

step is aimed to remove GaAs material from the sample holders. That is required

because a previous growth run can deposit crystalline GaAs material on the sample

holder which may induce unknown deviations of partial pressures of source material

during a next growth run. The temperature of 660°C is about 30°C above the congruent

temperature and therefore, the material rapidly evaporate [120, 121]. This was approved

by additional experiments where annealing of about 30 min lead to e�cient evaporation

of grown GaAs crystallites (see Chapter 6).

4.1.3 Nanowire growth

We investigated the impact of several growth parameters on the quality of the growth.

The data was acquired basically in years 2014-2015 and selectively presented in this

chapter. At the �rst attempts, after the preparation steps explained above, Ga and

As molecular beams were simultaneously supplied. Here, mainly, e�ects of As �ux, Ga
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�ux, substrate temperature, and growth duration are presented at otherwise optimized

preparation/growth parameters. In the next experiments, Ga was pre-deposited before

the simultaneous supply of Ga and As. The Ga deposition was controlled, aiming for

narrowing the size distribution of droplets. NW growth was followed, endeavoring for

suppression of growth between the Ga droplets. It has been reported [34, 101] and

observed by us that the NW growth characteristics (e.g., density, sizes, NW/PI ratio)

change from wafer to wafer as a result of the deviations of the silicon oxide properties.

Accordingly, the NW growth runs were repeated by nominally identical growth protocols

to verify the reproducibility.

Nanowire growth by simultaneous supply of As and Ga sources

After the ex-situ and in-situ preparation steps (Section 4.1.2), As and Ga are simul-

taneously supplied to initiate the NW growth. The in�uences of either the As or Ga

�uxes were investigated by keeping the other �ux as well as the substrate temperature

(570±5 °C) and growth time (1 h) constant. The results of a few selective growth runs

are shown in Figure 4.2. Here, panel a and b show the length and diameter evolution of

the NWs as a function of As and Ga �ux rates, respectively. The corresponding SEM

images are shown in panels A−C, and D−F related to panels a and b, respectively. By

increasing the As �ux, the length of the NWs increases (see Figure 4.2a and A−C). Such
a dependency typically suggests the VLS mechanism of NW growth as reported in ref.

[100]. At the same time, the maximum As �ux results in 100% upright orientation of

the grown NWs (cf. Figure 4.2A, B, C). Russo-Averchi et al. have reported that small

V/III ratios result in the occurrence of 3D twinning and a large percentage of discrete

growth directions in MBE based self-catalyzed GaAs NWs on Si [30]. They reported

that the NW growth with 100% percentage upright orientation takes place only at the

optimal growth parameters, which highlights the achievement in Figure 4.2C. In the

present work, the average diameter of the NWs within the error bars does not show a

signi�cant change by increasing the As rate similar to ref. [100]. In a VLS mechanism

of NW growth, �rst Ga droplet forms on the substrate; and by the in�ux of As atoms

into the droplet, supersaturation takes place. Finally, GaAs nucleates preferentially at

the heterogeneous sites (the solid substrate surface) [24, 89, 122]. The initial size of the

droplet determines the initial NW diameter that is grown. The authors in refs. [90, 95]

predict a decreasing NW diameter by increasing the As �ux. That is likely because

of the accelerated supersaturation rate of the Ga droplet at a higher As in�ux, mean-

ing that the Ga droplet has less time to grow after Ga droplet nucleation (decreased
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Figure 4.2: The evolution of the NW length and diameter as a function of As �ux in panel (a) and Ga
�ux in panel (b) by keeping the other �ux constant. The growth temperature and duration are constant
at 570±5 °C and 1 hour, respectively. A−F show SEM micrographs taken at a 30° tilted substrate.
SEM images in panels A−C and D−F correspond to data points in panels a and b, respectively.

incubation time). However, the interplay of the radial growth at an extended growth

duration can not be neglected in self-catalyzed VLS growth [58, 123]. Therefore, the

proposed trend in refs. [90, 95] explains the initial stages of NW growth. In contrast,

the probability of incorporation of di�using Ga adatoms onto the side-walls of the NW

can increase (enhanced radial growth) by increasing the As �ux [89, 124]. Therefore, the

interplay of the two mentioned mechanisms can explain the tendency of the observed

diameter evolution in Figure 4.2a. In other words, the decreased initial NW diameter

and increased radial growth rate has �attened the diameter curve in Figure 4.2a. In

Figure 4.2b, by increasing the Ga �ux from about 25 to 60 nm/h, the NW diameter



CHAPTER 4. MBE GAAS NANOWIRE GROWTH 42

increases whereas the NW length does not change within the error bars. That is in

agreement with the �ndings in refs. [90, 100]. As explained above, the initial diameter

of the NW is directly related to the supersaturation time; and at a constant As �ux, the

increasing Ga in�ux into the Ga droplet (stable nuclei) increases the initial diameter of

the NW [100]. On the other hand, the axial growth rate is a�ected mainly by arsenic

supply and therefore stays unchanged in the present case.

The e�ects of the substrate temperature on the NW growth can be seen in Figure 4.3.

The substrate temperature changes within a range of 550±5−630±5 °C at otherwise

constant conditions (growth duration 1 hour, Ga �ux 39 nm/h, As �ux 124 nm/h).

The overall deposited material decreases by increasing the substrate temperature (cf.

Figure 4.2A−D). Spirkoska et al. have reported that above a temperature of 570 °C,

the sticking coe�cient of GaAs material on Si oxide drastically decreases [125]. That

explains the abrupt decrease in the growth density above 570±5 °C in Figure 4.2. On

the other hand, by increasing the growth temperature, both NW length and diameter

decrease, as shown in Figure 4.3. This can be related to the degrading �ux e�ciency

(both As and Ga), which is in agreement with the results in Figure 4.2. The NW/PI

ratio increases from 1 at a growth temperature of 550±5 °C up to 3 at 590±5 °C.

Figure 4.3: The in�uence of the growth temperature on the growth characteristics (growth duration of
1 h, Ga&As �ux of 39&124 nm/h). A−D are the aftergrowth SEM micrographs at 30° tilted substrate
where the scale bars are 1 µm. The plot (below) shows the evolution of the length and diameter of the
upright NWs in A−C. The analysis of the density of the grown objects on the samples is shown in
Table 4.2.
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The evolution of the NW characteristics along growth was investigated by extend-

ing the growth duration up to di�erent growth times. The time series studies were

performed at di�erent growth conditions. After NW growth, the samples were charac-

terized by SEM, which consistently showed that both the diameter and length of the

NWs increase during the growth i.e., radial and axial NW growth. However, because

of the large error bars at the data points due to NW size distributions, the actual

radial/axial growth dynamics could not be extracted (similar to that in Figure 4.2).

In the following, one example is presented in order to show the interesting a priori

information from such time series studies. At Ga and As �uxes of 25 and 195 nm/h,

and growth temperature of 570±5 °C, the �rst GaAs signal in RHEED appeared after

about 2.5 min of growth with no indication of NW side-facet streaks (see Figure 4.1e).

This signal can be originated from the initial stages of growth (few MLs) from the NWs

or PIs. By extrapolation of the NW length curve as a function of time, an incubation

time of 3.5±0.6 min was revealed for the NW growth. That means that the critical

supersaturation of the Ga droplets occurs after about 3.5 min of growth resulting in

the crystallization of the GaAs. The average diameter of the NWs is calculated to be

about 20±4 nm at the incubation time. That is calculated by extrapolation of the

diameter vs. time curve. In other words, this corresponds to the �nal size of the Ga

droplet before supersaturation under the given experimental conditions. By the time

series studies at di�erent growth conditions, it was observed that the incubation time

and the initial diameter of the NWs were a�ected by As and Ga �uxes, as discussed

above in Figure 4.2.

To conclude, at the presented growth scheme (simultaneous Ga and As supply), the

initial diameter of the NW depends on Ga and As �uxes. By growth optimizations,

we could elaborate a growth window with controlled NW size and density (not inde-

pendently in this approach). Moreover, 100% of uprightly standing NWs is achieved at

high V/III ratios. Nevertheless, the growth of PIs could not be suppressed. The qual-

ity of the presented results is comparable with previous reports in the literature using

the same approach of growth [30, 34, 95, 100]. To further control the NW growth, an

additional Ga pre-deposition step was implemented. That could manipulate the NW

diameter, independent from the Ga and As �uxes, and manipulate the NW density,

independent from the growth temperature. Moreover, PI growth could be signi�cantly

suppressed.
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Ga pre-deposition

After the preparation steps (Section 4.1.2), the substrate temperature was stabilized

at a temperature within 600±5−620±5 °C for Ga pre-deposition. Here, only Ga was

supplied for a duration of 10 min. At a substrate temperature of 610±5 °C, Ga was

supplied with the �uxes of 25, 39, and 59 nm/h. The resulting density and diameter

of the deposited Ga droplets were 0.03 ± 0.01 µm−2 and 48 ± 5 nm, respectively, at

a Ga �ux of 59 nm/h. Below this Ga �ux, the deposition was negligible. Based on

the experimental and theoretical reports, Ga droplet formation on Si in vapor phase

epitaxy has several steps: i) formation of atomic Ga (adatoms) from molecular Ga

(gas) on the substrate, ii) surface di�usion of the Ga adatoms, iii) Ga droplet formation

[126, 127, 128]. The highest Ga �ux (Ga vapor pressure) results in an increasing adatom

concentration on the Si surface. In other words, the reaction, Gagas ←→ Gaadatom, goes

to the right side by increasing Gagas. The formation probability of a stable liquid droplet

nucleus increases by increasing the adatom concentration on the surface [129], which

qualitatively explains the higher formation probability of the Ga droplets at higher Ga

�uxes. It is reported that increasing the temperature above 600±5 °C can drastically

a�ect the overall volume of deposited Ga [125]. Therefore, for Ga pre-deposition at

higher temperatures, signi�cantly higher Ga �uxes may be required.

As explained above, the pre-annealing step was used to clean the surface and sta-

bilize the pressure. However, during our experiments in 2014−2015, we speculated

that an annealing step could also condition the surface. Therefore, the e�ects of the

pre-annealing step prior to Ga pre-deposition are studied at a temperature of 660 °C

by varying the annealing duration to 1, 17, and 35 min. The results of the following

Ga deposition were compared with the results obtained from a sample without a pre-

annealing step. It was discovered that a pre-annealing step signi�cantly increases the

density of the deposited Ga droplets (a factor of 10 − 20). After our �nding, in 2017,

Tauchnitz et al. [88] published a study about this e�ect, which is in agreement with

our results. In the latter ref., the authors studied the Si oxide surface utilizing atomic

force microscopy and X-ray photoemission spectroscopy. They showed that at a �xed

annealing time of 30 min within a temperature range of 690 to 770 °C, the morphology

of the surface changes without altering the oxide chemistry. That could be attributed to

the presented annealing conditions where the openings on the Si oxide are increasingly

in�uenced by prolonged annealing times. On the other hand, the size distribution of

the Ga droplets was narrowed as a result of pre-annealing. That suggests an enhanced

homogeneity in the distribution of the oxide openings [24].
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Pre-deposition of the Ga droplets at higher substrate temperatures showed a nar-

rower droplet size distribution (see Figure 4.4) 1. That can be explained by the en-

hancement of Oswald ripening at higher temperatures [127]. In simple words, a higher

temperature provides the activation energy for the di�usion of the Ga adatoms. Here,

the bigger droplets are more stable than the smaller ones because of the decreasing

number of dangling bonds at the surface atoms in bigger droplets. Therefore, di�usion

of Ga adatoms occurs from the smaller droplets toward the bigger ones. That results in

an eventual fading of the small droplets in favor of larger ones leading to larger droplet

sizes with a more homogeneous size distribution.

Annealing of the droplets results in even better diameter homogeneity as also ob-

served in ref. [92]; and it provides a longer reaction time for interaction of Ga with

Si oxide along with enhanced Ga etching above a temperature of 580±5 °C [103, 130].

The latter facilitates the epitaxial connection of GaAs nano-objects with Si substrates,

which decreases the formation energy of GaAs crystals.

In order to manipulate the Ga droplet size, it is suggested to change the pre-

deposition time as reported in refs. [92, 131], which was outside our scope.

Figure 4.4: Ga droplet pre-deposition on Si(111) native oxide for 10 min with a Ga �ux of 59 nm/h at
a substrate temperature of (a) 600±5 °C and (b) 610±5 °C. Increased substrate temperature results
in better size homogeneity visually observed in the panels (see the insets) and statistically re�ected in
the error bars of the diameter. In panel (a) and (b) the average diameters are 35± 10 nm and 39± 3
nm, respectively, where the error bars are the statistical standard deviation.

The best Ga pre-deposition result was achieved using a pre-annealing step for a

duration of about 35 min followed by Ga pre-deposition at a substrate temperature of

610±5 °C at a Ga �ux of 59 nm/h for 10 min. The sample was then annealed for about

20 min at a temperature of 600±5 °C. The diameter of the deposited droplets, as shown

in Figure 4.4b, is 39±3 nm, and the number density is 0.1−0.5 µm−2.
1In order to exclude the uncertainty related to growth on di�erent wafers, the pre-

sented results in panels a and b of Figure 4.4 are from two di�erent positions on one
growth sample. The pyrometer temperature reading revealed that those respective
positions on the pMBE manipulator have about 10° di�erence in temperature.
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Nanowire growth after Ga pre-deposition

After a homogeneous Ga pre-deposition, the samples were grown at di�erent growth

conditions. Figure 4.5 illustrates the overall MBE conditions at a protocol of growth,

including Ga pre-deposition. Here, the evolution of substrate temperature, Ga and As

cell temperatures, and background pressure are shown. After loading the sample into

the chamber, the substrate was ramped up to the pre-annealing temperature (660±5

°C, 35 min). Then, the substrate temperature was decreased to a temperature within

600±5−620±5 °C for Ga pre-deposition (see above) and afterward, changed to a tem-

perature within 570±5−620±5 °C for NW growth. The Ga cell temperature (�ux)

was decreased after Ga pre-deposition for the NW growth. The vertical dashed lines

in Figure 4.5 indicate the periods of Ga supply (pre-deposition) and simultaneous As

and Ga supplies (NW growth). Due to the implemented setup of the As e�usion cell

(no valve), the background pressure increases at high As cell temperatures even at a

closed shutter. This background As pressure was shown to result in recrystallization

of Ga droplets during the Ga pre-deposition. Therefore, the As cell temperature was

kept at low temperatures during Ga pre-deposition and ramped up afterward. After

reaching the desirable �uxes, the shutters were opened to initiate the NW growth (see

the vertical dashed line indicated by As&Ga supply in Figure 4.5). The �uctuations of

the background pressure during the growth run are explained in the caption of Figure

4.5.
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Figure 4.5: The conditions of the pMBE all along our typical protocol of GaAs self-catalyzed NW
growth: panel (a) shows the growth chamber pressure; panel (b) shows the substrate temperature;
panels (c) and (d) show the temperature of Ga and As e�usion cells, respectively. The sample is
�rst pre-annealed at 660±5 °C. Then the substrate temperature decreases to a temperature within
600±5−620±5 °C for Ga pre-deposition. As indicated by the vertical dashed lines, the Ga shutter is
kept open only for 10 min. Afterwards, the substrate temperature is decreased down to a temperature
within 570±5−620±5 °C for NW growth °C for NW growth. At the same time, the As e�usion cell
temperature is ramped up to achieve the corresponding desired �ux. Then, the Ga&As shutters are
opened for NW growth. The initial background pressure is in 10−10 mbar range. The pressure increases
up to 2× 10−8 mbar range during the pre-annealing step due to evaporation of material from the hot
surfaces and stabilizes down to 5 × 10−9 mbar range along 35 min of annealing. During the Ga pre-
deposition, the pressure stays in 10−9 mbar range. By simultaneous supply of As and Ga for NW
growth, the pressure increases up to 10−7 mbar range. Notably, the pressure of the growth chamber
is directly related to the temperature of the As cell (even at a closed As shutter). That is because of
the high volatility of As.

In Figure 4.6, the aftergrowth SEM micrographs are taken from the samples grown

with and without Ga pre-deposition at otherwise identical conditions (compare panel

a with b, and c with d). Figure 4.6a and b illustrate two samples grown at a substrate

temperature of 570±5 °C. Here, the density of the uprightly standing NWs is 0.6±0.2
µm−2 without Ga pre-deposition, and that increases up to 1.8±0.5 µm−2 with Ga pre-

deposition. Even if one assumes that the pre-deposited Ga droplets (with a density

of 0.1−0.5 µm−2) have fully transformed into NWs, the density of the nucleated NWs
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between the pre-deposited Ga droplets (1.5±0.6 µm−2) is by a factor 2 larger compared

to that without pre-deposition. The enhanced NW nucleation between the Ga droplets

can be related to the conditioning of the Si oxide substrate by its interaction with Ga-

adsorbed voids (2D Ga). During Ga pre-deposition, the 2D Ga layers nucleate on the

defects at the Si oxide surface, leading to the formation of nano-cavities [103]. These

nano-cavities are preferential nucleation points for further Ga formation and NW growth

during the simultaneous supply of source materials. The 2D Ga layers can be detected

by STM as reported by Nitta et al. [103] but are invisible in SEM inspection. With Ga

pre-deposition, the density of tilted NWs, as well as PIs, is signi�cantly decreased. As

a result, the overall number density of the crystallized nano-objects decreased (a full

sample density analysis will be presented in Table 4.2). At the same time, NWs grow

50% longer (see Table 4.1). That indicates a higher local As in�ux for the existing NWs

(see e�ects of As �ux on the NW growth in Figure 4.2). In other words, the As quota

for the NWs increases by decreasing the number density of the PIs. As observed in the

inset of Figure 4.6b, at the right below, thick NWs (37±4 nm) and thin NWs (22±4 nm)
are simultaneously present. The average diameter of the thick NWs is comparable with

the diameter of the pre-deposited Ga droplets (39±3 nm), and the average diameter

of the thin NWs is comparable with the average diameter of the NWs grown on the

sample without Ga pre-deposition. Therefore, NWs have nucleated between the pre-

deposited Ga droplets along with the NW growth i.e., interstitial NWs. Consequently,

as seen in Table 4.1, at a growth temperature of 570±5 °C, the distributions (standard

deviation) of the NW diameters and lengths do not signi�cantly change with or without

Ga pre-deposition (∼20 % diameter and > 30% length). The large standard deviations

(distributions) are due to the continuous interstitial NW nucleation during the growth.

Growth Temp 550±5 °C 570±5 °C 570±5 °C 590±5 °C 600±5 °C

no no with no with Ga dep.

Ga dep. Ga dep. Ga dep. Ga dep. Growth time =

35 min 4h, 15 min
avg. NW diameter (nm) 45±9 22±5 23±4 42±5 52±3 158±5
standard deviation % ∼20% ∼23% ∼17% ∼12% ∼6% ∼3%
avg. NW length (µm) 1.2±0.5 1±0.4 1.5±0.5 1.2±0.1 0.4±0.03 4±0.12
standard deviation % ∼40% ∼40% ∼33% ∼8% ∼6% ∼3%

Table 4.1: The diameter and length of the grown NWs at di�erent growth temperatures. The growth duration

is 1 hour, otherwise, pointed out. The statistical distribution of the NW diameter and length at higher growth

temperatures get narrower. Note that at a growth temperature of 600±5 °C, without Ga pre-deposition, nano-

object nucleation is suppressed (see Figure 4.6c). The data is acquired by averaging within a few mm around

the growth location on the sample.
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Figure 4.6: SEM micrographs at 30° tilted substrate from four samples after GaAs NW growth at an
As �ux of 124 nm/h with and without Ga pre-deposition. The samples in panels a and b are grown at
a substrate temperature of 570±5 °C without and with Ga pre-deposition, respectively. The growth
duration is 1 hour and Ga �ux is 24 nm/h for both samples. The inset of panel b at top left, is a
SEM top-view image of PIs showing crystallographic facets; and the inset at below right, is a high
magni�cation at 30 ° tilted NWs showing NWs with di�erent diameters. Panels c and d are 2 samples
grown at a substrate temperature of 600±5 °C without and with Ga pre-deposition, respectively. The
growth duration of the sample in panel c is 1 hour and in panel d is 4 hours and 15 min, both at a Ga
�ux of 39 nm/h. The inset of panel d is a top-view image of a PI. The scale bars in the panels are 1
µm otherwise indicated.

The substrate temperature was increased aiming to suppress the interstitial nucle-

ation of NWs, i.e., to hinder the crystallization of material anywhere except at the pre-

deposited Ga droplets (see Figures 4.3 for e�ects of substrate temperature on growth).

SEM characterization after the growth indicates negligible NW growth at the sample

in Figure 4.6c grown at a substrate temperature of 600±5 °C2. Similar growth condi-

tions after Ga pre-deposition show NW growth with a number density similar to that

of pre-deposited Ga droplets (see Figure 4.6d). That indicates that the main limiting

factor for NW nucleation at 600±5 °C is the Ga supply. The SEM cross-sectional side

view of this sample is shown in Figure 4.7a−b. The sample is grown for 4 h and 15

min. Figure 4.7c shows the SEM image from another sample grown under identical
2 The growth position has been about 1 cm away from the center of the sample. The

pyrometer temperature reading revealed that the corresponding position on the pMBE
manipulator had a temperature of about 600±5 °C.
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conditions but for a duration of 34 min. More than 80% of the grown objects on both

samples in Figure 4.7 are epitaxially oriented NWs (density analysis will be fully pre-

sented in Table 4.2). The NWs/PIs number ratio is signi�cantly increased compared

to growth at lower substrate temperatures. Moreover, the standard deviation of the

diameter and length decreased to about 3−6% (see Table 4.1). That means that the

nucleation of the nano-objects is suppressed during the NW growth. In other words, the

supplied material contributes mainly to the growth of the NWs from the pre-deposited

Ga droplets.

Figure 4.7: SEM micrographs of the NW growth at the growth temperature of 600±5 °C with Ga pre-
deposition. Panels a and b are side view images at 89° tilted substrate showing the length homogeneity
of the grown NWs. The sample is presented above in Figure 4.6d where the growth time is 4 hours and
15 min, and the average length of the NWs is 4± 0.12 µm. Panel c shows a sample grown at identical
growth conditions but for a growth duration time of 34 min.

4.1.4 Further analysis

Epitaxial alignment of the overgrown GaAs

The epitaxial III-V NWs on Si grow mostly in the direction of [111] [16]. Additionally,

the GaAs NWs can grow on Si along the family of <111> [132] and <112> directions

[38]. Figure 4.8 illustrates the epitaxial alignment of the overgrown GaAs nano-objects

on Si(111). Here, panels a−b show a top-view SEM image (zero degree tilted substrate)

of the sample presented in Figure 4.6b. The fast Fourier transform (with 90° rotation)
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at the inset of Figure 4.8a indicates the elongation direction of the majority of the

overgrown objects. The red ellipsoid in Figure 4.8a indicates an object which does

not �t the majority growth directions. Figure 4.8b is a high magni�cation of panel

a. The NW facets are extracted from the top-view of the NWs and redrawn by a red

hexagon. The NW side-facets in self-catalyzed GaAs NWs are reported to be 6 planes

from the {110} family [26, 58]: (110), (110), (101), (101), (011), and (011), which are

perpendicular planes to (111) plane. In Figure 4.8c, the corresponding NW side-facet

surface normals are indicated (from the family of <110> directions). Figure 4.8d shows

two examples from the in-plane directions of the NW side-facets (horizontal) and edges

(vertical). As indicated, the in-plane directions along the NW edges are the following

directions from the family of <121>: [211], [121], [112], [211], [121], and [112] (see

Figure 4.8e). Aside from the in-plane directions of growth, there are three members of

the family of <111> ([1̄11], [11̄1], and [111̄]), which project towards the same direction

along [111]. That means that the corresponding objects grow outward the Si(111) with

an angle of 19° with respect to the surface. From a top-view, those directions project

onto the mentioned family of <121> directions. At the cross-sectional view, they can

have an angle of 19−90° depending on the in-plane rotational status of the sample

in SEM. The cross-sectional SEM imaging revealed that we have NWs grown in both

<111> and <121> directions (see Figure 4.8f). In Figure 4.8, the NW indicated by a

red ellipsoid in panel a, as well as the nano-objects at the inset of panel b, does not

follow any of the above-mentioned crystallographic directions and therefore, they are

considered as non-epitaxial, i.e., without an epitaxial relation to the Si(111) underneath

substrate. Details on how the tilting of the NWs a�ects the growth process can be found

in ref. [133].

Parasitic island growth

Table 4.2 shows the number density of the grown nano-objects as a function of growth

temperature and Ga pre-deposition. The number density of the non-epitaxial nano-

objects decreases from 0.5±0.4 µm−2 at a growth temperature of 550±5 °C down to

zero at a growth temperature of 590±5 °C.

On single-crystalline Si, a passivated layer of native Si oxide forms after exposure

to air [94]. Notably, NW growth on an amorphous layer like Si oxide is non-epitaxial.

Previous STM studies have revealed that on Si oxide, natural holes exist. These holes

are preferential site for heterogeneous nucleation of Ga droplets [103, 129]. The inter-

action of Ga droplets with the Si oxide results in formation of bigger nanometer-sized
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Figure 4.8: Alignment of the GaAs nanostructures along epitaxial crystallographic orientations: (a)
top-view SEM image of the sample in Figure 4.6b: the inset of panel a shows the fast Fourier transform
(FFT) of the SEM image in panel a with 90° rotation. The FFT highlights the orientations of the
majority of the nano-objects. The indicated red ellipsoid shows a nano-object which is nonparallel to
the other objects considered as non-epitaxial in the text. (b) High magni�cation SEM from panel a
showing a few NWs and PIs: the red hexagon shows the extracted NW facets. The inset of panel b
shows PIs with no epitaxial alignment with the substrate. Panel (c) shows 6 directions from <110>
family. Panel (d) shows that [112̄] and [11̄0] directions lay at the in-plane NW facets. Panel (e) shows
6 directions from the <121> family. (f) Side view SEM micrograph of the sample in Figure 4.6d at
the sample edge, which has about 10 °C lower temperature during growth. The density of PIs and
tilted NWs are higher as compared to the sample center. NWs are grown parallel to the (111) plane
and at the alternative <111> directions explained in the text. Note that the rotation of the sample
around its surface normal changes the visible angle at the side view within 19−90°.

holes underneath the droplets [103]. Sublimation of Si oxide layer can be enhanced at

temperatures lower than its evaporation temperature (900 °C) because of the chemical

reactions in equations 4.1−4.3 [24, 134, 135].

2Ga (liquid) + SiO2 (solid) → SiO (gas) + Ga2O (solid/gas) (4.1)
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Density \ Growth Temp 550±5 °C 570±5 °C 570±5 °C 590±5 °C 600±5 °C

with Ga pre-dep. with Ga pre-dep.

Upright NWs ( µm−2) 0.6±0.1 0.6±0.2 1.8±0.5 0.5±0.2 0.07±0.04
(Percentage%) ∼7% ∼10% ∼57% ∼31% ∼57%

Tilted NWs ( µm−2) 3.6±1 2.4±0.5 0.5±0.1 0.7±0.2 0.05±0.03
(Percentage%) ∼43% ∼40% ∼16% ∼44% ∼40%

Epitaxial PIs ( µm−2) 3.6±0.7 2.8±0.5 0.8±0.2 0.4±0.1 0.003±0.002
(Percentage%) ∼43% ∼45% ∼26% ∼25% ∼3%

Non-epitaxial objects ( µm−2) 0.5±0.4 ∼0.3±0.2 0.07±0.07 0 0

(Percentage%) ∼6% ∼5% ∼1%
NW/PI yield 1 1 2.6 3 33

Table 4.2: The density and overall percentage of the grown nano-objects as a function of growth temperature

and Ga pre-deposition. By increasing the growth temperature, 1) the overall density of the deposited nano-

objects decreases (sum of the density values at the columns); 2) the PI percentage decreases; 3) the non-epitaxial

growth decreases and fully hinders above 580 ± 10 °C; 4) the number ratio NWs/PIs increases. By adding a

Ga pre-deposition step to the protocol of growth, the number ratio NWs/PIs further increases (up to 33), and

the PI percentage further decreases. The data is acquired by averaging within a few mm around the growth

location on the sample.

4Ga (liquid) + SiO2 (solid) → Si (in Ga) + 2Ga2O (solid/gas) (4.2)

SiO2 (solid) + Si (in Ga) → 2SiO (gas) (4.3)

Ga droplets oxidize at their interface with Si oxide based on equations 4.1 and 4.2.

The resulting gallium oxide is volatile in vacuum increasingly at temperatures above

580 °C as reported by Cho in ref. [136]. This process can explain the zero number

density of non-epitaxial growth at growth temperatures above 580 °C in our results.

On the other hand, the resulting Si oxide evaporates; and the atomic Si is soluble into

the Ga droplet above 500 °C based on the Ga-Si phase diagram [137]. The atomic Si

can also further react with the Si oxide layer to form volatile species based on equation

4.3 [136]; and it eventually can etch the Si substrate likely limited to the solubility of

Si in Ga [135, 138].

4.1.5 Conclusion

Commonly, GaAs self-catalyzed GaAs NWs are grown on Si by a simultaneous supply

of Ga and As source material. In this growth scheme, the NW size and number den-

sity could not be independently modi�ed. Moreover, PI growth can not be suppressed

(NW/PI < 5). A Ga pre-deposition step before NW growth provides a new degree
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of freedom in order to control the NW average diameter. Moreover, after a Ga pre-

deposition step and by an interplay of high growth temperature and low Ga �ux, the

interstitial growth of nano-objects between the Ga droplets is suppressed. In this way,

we could narrow the length distribution of the NWs. A high temperature of growth

(above 580±10 °C) also fully suppresses the non-epitaxial growth of NWs as a result of

an enhanced Ga etching e�ect. Ga etches the Si oxide increasingly above 580 °C [136],

which increases the probability of epitaxial correlation between the GaAs overgrown

material with the Si(111) substrate. Moreover, by our proposed strategy, the NW/PI

ratio increases (> 30). It is worth noting that the absolute values of the optimum

growth parameters are closely related to the Si oxide morphology and thickness. The

reproducibility runs on di�erent wafers showed that the oxide morphological uncertain-

ties seem to be an uncontrolled aspect of the GaAs NW growth on native Si oxide

substrates. Therefore, our growth parameters shall be considered rather qualitative;

and a small window for �trial and error� is required for each batch of wafers.

4.2 Patterning Si Substrates by Focused Ion Beam

In Section 4.1, a successful attempt was made to grow GaAs NWs on Si native oxide

substrates. There, Ga droplets form at random positions of the Si oxide nanocavi-

ties [28]. Out of the droplets, NWs grow while the neighbored nanoparticles compete

for the source material. Because the spacing between the NWs is random, there are

local di�erences in source supply at di�erent NWs. Consequently, the diameter, crys-

tal phase structure, and growth orientation may di�er comparing NWs grown on the

same substrate. For better control of these NW properties, substrate patterning can

be deployed to achieve a regular arrangement and therefore uniform NW properties.

Moreover, substrate patterning facilitates the fundamental growth studies by excluding

the surrounding e�ects. The latter is addressed in chapters 5 and 6.

Lithography based patterning is the most widely used approach for de�ning NW

growth: e.g., electron beam lithography [91], nano-imprint lithography [139], nano-

sphere lithography [140, 141], and laser-interference lithography [142]. These techniques

require multiple processing steps, and consequently, they are time-consuming. More-

over, lithography techniques widely use oxygen- and carbon-based contaminants, which

can degrade the performance of NWs in devices [143]. As an alternative, we report

on lithography-free pattering of Si oxide for NW growth using a focused ion beam.

In our proposed approach, we reduced the patterning process to a single step of ion
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beam exposure. Using the current FIB technology, each nucleation point at the sample

is drilled once after another. By a few mins of FIB patterning, a few square mm of

sample area could be prepared for further NW growth. Despite some recent reports on

FIB patterned self-catalyzed GaAs NWs [144, 145, 146], detailed understanding of the

mechanism behind this technique for reproducible high yield of NW growth is missing.

The data in this chapter is published in ref. [79, 97]. In this work, we report on the

interaction of the ion beam with Si substrates and address the critical aspects of this

interaction to optimize NW growth. For evaluating the NW growth, we used SEM and

µXRD. The SRIM software assists our experimental �ndings (Stopping and Range of

Ions in Matter) [147]. Because of its destructive nature, a FIB can e�ciently remove

the material at any position of exposure. High ion doses can eliminate the Si oxide and

displace (amorphize) the Si atoms below the oxide. Our experimental data indicate

recrystallization of Si lattice along with the NW growth protocol. As a result, epitaxial

NW growth takes place, which can be explained by recrystallization of the Si lattice. On

the other hand, the diameter of the FIB patterned holes plays the central role to achieve

a high yield of vertical NWs. Holes with a small diameter can not provide su�cient

area for NW growth whereas holes with large diameter initiate parasitic islands (PI)s

growth and the growth of multiple NWs. At the FIB holes of intermediate size, we

achieved a NW growth yield higher than 80%.

4.2.1 Experiment

Figure 4.9 shows a schematic illustration of the FIB process used in this study. N-type

2 inch Si wafers with thermal Si oxide of ∼ 16 ± 2 nm thickness were used as the

template. The FIB was used to drill de�ned positions at the substrate. In the next

step, Ga droplets were pre-deposited at the FIB holes using the pMBE. As a result, the

NW growth was initiated at positions of the deposited Ga droplets.
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Figure 4.9: Schematic illustration of the NW growth employing FIB patterning. The substrate is
Si(111) covered by a 16±2 nm layer of Si oxide. The FIB patterning process is limited to only one
step where the holes are drilled at pre-de�ned positions by a Ga+ ion beam focused at a cross-section
of 6 nm (30 keV, 93 pA). At the pMBE chamber, Ga is �rst pre-deposited and formed at the holes.
NW growth is followed by supplying both As and Ga �uxes.

Patterning by a focused ion beam

Danial Bahrami performed the procedure of FIB patterning as follows. First, the thick-

ness of the oxide layer was determined to be 16 nm by X-ray re�ectivity and ellipsometry

measurements [148]. The uncertainty of the oxide thickness across the Si wafer appeared

to be ±2 nm. The FIB process was performed using a Helius Nanolab Dualbeam 600

FIB-SEM FEI machine at Siegen University. The employed ion beam was focused onto

a cross-section of about 6 nm at the focal point using a beam energy and current of 30

keV and 93 pA, respectively. Using these conditions, the Si(111) wafers were patterned

by the FIB where several subregions of 10Ö10 holes were placed on a square grid with

5 µm distance between the holes. The patterned region of the sample includes 9Ö9

arrays of the square grids patterned using di�erent ion doses, as illustrated in Figure

4.10. Here, each hole is drilled by a single dot exposure of FIB. The dot dwell time for

patterning was 10−3−0.45 ms per hole resulting in implantation of 0.1−45 fC equivalent

to about 600−280,000 Ga+/point.

Nanowire growth

After the FIB procedure, the samples were etched for 1 min in 0.5 % hydrogen �uoride

(HF) acid diluted in water. The samples were HF treated because the NW growth

was performed few days after the FIB patterning process. Then, the samples were

boiled in deionized water for 10 min to �atten the oxide and reduce the probability of

parasitic growth between the FIB patterned holes [93]. The samples were then directly

loaded into a pre-chamber and degassed at 300 °C for 30 min (background pressure
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Figure 4.10: (a) Reference design created by FIB schematic illustration of the FIB process: matrix
of implemented ion doses 0.1−45 fC at 9Ö9 regions. (b) Each array included 10Ö10 holes with 5 µm
spacing.

< 5 × 10−7 mbar). The samples were transferred into the MBE chamber and then

heated up to 700±5 °C for 10 min and ramped down to the growth temperature of

560±5−630±5 °C. At the growth temperature, an amount of Ga equivalent to about 45
2D GaAs mono-layers were deposited. As a consequent, Ga droplets nucleate at the FIB

patterned holes. Out of these droplets, NW growth was performed by VLS mechanism

of growth at a Ga �ux of ∼50−150 nm/h and a V/III ratio of ∼1−2 for 1 hour. The

resulting diameter and length of the NWs were 15−150 nm and 1−4 µm, respectively
(see Figure 4.2 for e�ects of growth conditions on NW size). It will be shown in the

following that the FIB hole diameters determine the quality of NW growth. Therefore,

the author studied the in�uences of HF and high-temperature treatments in altering

the hole diameter. Such procedures usually are parts of protocols of patterning\growth,

and we will highlight that their fundamental e�ects should be considered in order to

achieve a high yield of NW growth.

SEM characterization

In order to access the in-depth characteristics of the FIB holes, a cross-sectional SEM

imaging procedure was performed by Danial Bahrami (see Figure 4.11). In order to

systematically access to the diameter of the holes, the author inspected the top-view

SEM micrographs. The image analysis was performed by taking an intensity distribu-
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tion along a line through the center of a hole. The fwhm of the line pro�le peak was

estimated as a measure of the hole diameter. Note that due to non-sharp side-walls

of the holes (see Figure 4.11c), the extracted hole diameter is highly sensitive to SEM

settings (e.g., contrast and brightness). That can result in deviations of the diame-

ter reading at the SEM top-views. By keeping the SEM settings constant, di�erent

patterned subregions were investigated. Since extracting absolute values of the hole

diameter is rather challenging, the reader shall concentrate on the qualitative e�ects of

the studied parameters: ion dose, wet etching duration, high-temperature annealing.

4.2.2 Results and discussion

Ion-solid interaction

Using the SRIM software [147], we simulated the interaction of Ga ions with a Si

substrate covered by 16 nm of SiO2. Our simulations revealed that the mean stopping

distance of 600 - 280000 impacting Ga+ ions at the substrate varies from 21 nm to 27

nm in-depth and from 6 nm to 30 nm laterally. The results addressing the interaction

of ions with Si agree with those shown in ref. [144].

Figure 4.11 shows the cross-sectional imaging procedure (see the caption of the �gure

for details). In Figure4.11c, a high magni�cation cross-section of a FIB hole is shown.

The dark region is the Si substrate covered by oxide, and the gray zone is the supportive

platinum layer. The depth of the FIB drilled hole in Figure 4.11c is about 28 nm. Given

that the Si oxide layer is about 16±2 nm, Si bulk material is removed by about 10±2 nm.

That indicates damage of Si substrate at the bottom of the holes, which is in agreement

with our simulations. Moreover, molecular dynamics simulations have shown that at

an acceleration voltage of 30 keV, about 1000 ions are su�cient to displace the Si atoms

from their lattice points by about 2 nm at a depth of several nm [143]. Therefore, we

conclude that the FIB patterning at high ion doses will amorphize the Si wafer below

the holes. Note that the cross-sectional SEM image in Figure 4.11c also shows that the

edges of holes are non-sharp, as mentioned above. As a consequence, the diameter of

the hole can not be precisely determined.

Ga droplet formation

Implantation of 600−280,000 Ga+/point at 30 keV (regardless of back-sputtered ions) corre-

sponds to a local Ga concentration of 1.1× 1019− 5× 1021 Ga+/cm3 [144] in the Si region
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Figure 4.11: Cross-sectional SEM imaging procedure of the FIB patterned holes (performed by Danial
Bahrami). The employed ion dose is about 280,000 Ga+/point at the shown holes. (a) Patterned holes
at 30° tilted substrate after FIB drilling. (b−c) The sample is cut by FIB milling after a typical
TEM lamela preparation procedure. For preparation, a supportive platinum layer is deposited on the
substrate and FIB milling is performed through roughly the center of the holes. Panel c shows the
topographical morphology of a single hole at about 89° tilted substrate. The dark region is the Si
substrate. It is observed that the depth of the hole is about 29 nm with respect to the Si surface.
Notably, the edges of the holes are not sharp and therefore, the diameter of the hole cannot be precisely
determined.

underneath the patterned holes. The solubility limit of Ga in Si is 4.5 · 1019 cm−3

based on ref. [149]. Because the solubility limit is surpassed at the high ion doses, by

annealing of the specimen, the implanted Ga atoms can di�use from the bulk Si toward

the surface. We disregard the temperature-dependent solubility and assume that all

the implanted Ga atoms di�use toward the Si surface and contribute to Ga droplet

formation. With this assumption, the volume of liquid Ga at the holes after annealing

is:

Vd =
nM

ρNa

(4.4)

where n is the ion dose, M is the atomic mass of gallium (g/mol), ρ is the volume mass

of the gallium in a liquid droplet (g/cm3), and Na is the Avogadro's number. Assuming

that a single Ga droplet with a geometry of half a sphere forms at each hole, the

resulting diameter of the droplets at the implemented ion doses would be about 3−28
nm. This motivated me to perform an annealing step at 600 °C for 15−60 min after Ga
implantation. Within the resolution of SEM, we could not detect any Ga droplet at the

holes. Detz et al. drilled holes into Si wafers using ion doses of 6.2×104−3.1·105 Ga+/point

at 5−30 KeV [144]. The authors observed Ga aggregation and/or droplet formation by

annealing at 600±5 °C for 10 min. One could explain this discrepancy with our results

by evaporation of Ga at the UHV chamber. The Ga vapor pressure at 600±5 °C is

5.5 · 10−8 mbar [150] whereas the pressure of the UHV chamber during annealing was

in the range of 10−9 mbar. That means that the Ga atoms can continuously evaporate

and leave the Si surface after di�using toward the surface.
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It was discussed in Section 4.1 that Ga positioning is advantageous for achieving

uniform NW characteristics. As shown above, the implanted Ga was not su�cient for

droplet positioning at the holes. Therefore, we deposited 45 MLs of Ga at a substrate

temperature of 630±5 °C (Figure 4.12a−d). Figure 4.12 in panels a−d shows di�erent

holes on the same growth sample by increasing ion dose from left to right. At low ion

doses, associated with small hole diameters, no Ga droplet is formed (see Figure 4.12a).

By increasing the ion dose (hole diameter), Ga droplets form in the holes (see Figure

4.12b). By further rising the ion dose (hole diameter), the volume of the deposited Ga

per hole increases (see Figure 4.12c). The simulations indicated that Si oxide is fully

removed at the holes. However, after the consequent HF treatment (explained above),

the samples are shortly exposed to air. That can result in formation of a native oxide

layer at the holes (∼1nm). It has been reported, that the impinging Ga vapor at bare

silicon [139], as well as silicon oxide with thinner oxide thicknesses [101], has higher

sticking coe�cients as compared to thicker oxide layers. Therefore, the collection area

of the impinging Ga vapor increases at increased hole diameters. Further increasing of

the ion doses up to the upper range of the values resulted in aggregation of Ga (see

Figure 4.12d). Ga aggregation cannot be explained merely by a bigger collection area,

because such a phenomenon was not observed in my experiments on native oxide with

comparable Ga densities ( 50−100 µm−1 ). Moreover, lithography based approaches also

have reported on multiple Ga droplets at large patterned holes (e.g., see ref. [139]), but

such a Ga aggregation as in Figure 4.12d is not reported. Therefore, this phenomenon

is likely related to the FIB process itself and also observed by the authors in ref. [144].

The interaction of FIB with the surface might results in changes of the sticking and

di�usion of Ga adatoms increasingly at higher ion doses. Therefore, we conclude that

an increase of the ion dose is not advantageous in FIB patterning for NW growth due

to multiple Ga formation and Ga aggregation at the holes.

At some of the samples after Ga pre-deposition, Ga droplets form on Si oxide between

the FIB holes (interstitial Ga formation). Other groups e.g., refs. [91, 101] found a

similar observation. This could be explained by the roughness of the Si oxide surface

providing preferential nucleation sites for Ga droplets. Intact controlling of interstitial

Ga formation seems to be still a challenge despite the advancements [93]. However, full

technical control on this phenomenon seems to be still a challenge. We will show that

the interstitial Ga droplets remain not crystallized after NW growth. To fully remove

the Ga droplets from the substrate, based on this thesis, we suggest performing an

annealing step at temperatures above 510±25 °C (see Chapter 6). It will be shown in

Chapter 6 that, exposure of the samples to air accelerates evaporation of Ga droplets.
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Figure 4.12: SEM micrographs at a 0° tilted substrate in panels a−d and 30° tilted substrate at panels
e−m. Each row of SEM images is from a di�erent growth sample. From left to right the columns show
increasing ion dose, as indicated. Panels (a−d) show a sample after Ga pre-deposition at a substrate
temperature of 630±5 °C (1 − 5 × 10−8 mbar background). The sample was HF treated for 1 min.
Ga was deposited at a Ga �ux equivalent to 0.32 ML/s for 140 s (∼ 45 Ga MLs deposited). Panels
(e−h), (i−l), and (m) show three NW growth samples HF treated for 1, 2, and 5 min, respectively.
After Ga pre-deposition, NWs were grown on the samples at a Ga �ux of 150 nm/h and a V/III ratio
of 2 at a substrate temperature of 610±5 °C. (n) Hole diameter extracted from top-view SEM as a
function of ion dose: 1) after FIB patterning; 2) after NW growth procedure; 3) after annealing for 1
hour consequently at 450±5−650±5 °C with 50 °C steps.
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Nanowire growth

Panels e−h in Figure 4.12 show a sample of NW growth after Ga pre-deposition at

FIB patterned sub-regions corresponding to panels a-d. At low ion doses where no Ga

was formed during Ga pre-deposition, also no grown NWs are observed (cf. Figure

4.12a,e). In regions with single Ga droplets, about 80% of the FIB holes have single

upright NWs (80% yield) (cf. Figure 4.12b,f). By increasing the ion dose, multiple NWs

grow inside each hole, which is expected due to the appearance of multiple Ga droplets

after Ga-predeposition (cf. Figure 4.12c,g). The probability of PI formation increases at

bigger holes (cf. Figure 4.12d,h). Formation of PIs versus NWs can be explained by the

wetting e�ects of the Ga droplets colliding with holes with di�erent geometries [102].

Additionally, the aggregated Ga likely forms PIs (cf. Figure 4.12d, h). Therefore, in

this method the intermediate hole diameters are optimal for NW growth.

E�ects of wet etching on the FIB holes

Each row of SEM micrographs in Figure 4.12e−m shows a speci�c growth sample, which

from top to bottom, the samples are HF treated for 1, 2, and 5 min, under otherwise

identical preparation/growth conditions. In each row from left to right, the ion dose

increases. By extending the HF treatment time at constant ion doses, the diameters of

the patterned holes consistently increase. The increasing HF treatment duration has a

similar e�ect on the NW growth quality as for increasing ion dose. In particular, by

increasing the HF treatment time from 1 to 2 min, NWs can grow at the patterned

region with an ion dose of 0.1 fC (cf. Figure 4.12e,i). At the same time, at the higher

ion doses, the probability of nucleation of multiple NWs and PIs increases (compare

Figure 4.12f−h with j−l). By 5 min HF treatment, the pattern is entirely removed,

and the sample is covered by PIs (see Figure 4.12m). The formation of PIs is related

to Ga droplet wetting angle as Matterini et al. have shown in ref. [28]. The authors

have shown that NW growth is not favorable if the Si oxide is entirely removed from

the Si substrates [102].

E�ects of high-temperature annealing on the FIB holes

Figure 4.12n shows the diameter of the FIB patterned holes after i) FIB patterning,

ii) NW growth, and iii) annealing of the sample in MBE without any supply of source

material (pressure of 10−9 mbar). The annealing was repeated step by step starting
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from a temperature of 460 °C up to 660 °C in 50 °C steps and for 1 hour at each

temperature. After each annealing step, the author characterized the sample by SEM.

Then, a typical procedure of degassing was performed at a pre-chamber at 300 °C for

1 hour and transferred to the MBE chamber for the next annealing step. As seen in

Figure 4.12n, the hole diameters signi�cantly increase after the NW growth procedure

as compared to those after FIB patterning. we reported the detailed e�ects of the

high-temperature treatments at di�erent temperatures on the GaAs nanostructures in

Chapter 6. In the present section, the highlight is that the FIB hole diameters increase

at temperatures above 510 °C in the presence of GaAs NWs (see Figure Figure 4.12n).

It is widely known that the evaporation temperature of the Si oxide is around 900 °C.

However, it has been shown by scanning probe microscopy that, the Si oxide surface

morphology can be a�ected at the nanoscale by annealing at temperatures as low as

690 °C [88]. In Chapter 6, we reported that the Ga droplets decrease size or vanish

by annealing in MBE without supply of source material at temperatures as low as 510

°C. The Ga atoms can di�use along the NW facets toward the substrate through a

reverse reaction growth. The di�using Ga on the surface can interact with the Si oxide

substrate which has been formerly shown to enhance Si oxide evaporation as reported

by Nitta et al. [103]. Therefore, we speculate that along GaAs NW growth, the di�using

Ga on the Si substrate can also have a similar e�ect in interacting with the Si oxide at

the holes leading to continues increase in the hole diameter along NW growth as shown

in Figure 4.12n (compare the hole diameters after FIB patterning with that after NW

growth).

Interstitial growth

The Ga droplets, which nucleate between the holes, could not initiate GaAs nucleation

during the NW growth, in contrast to the Ga droplets inside the holes. Heterogeneous

nucleation onto crystal surfaces has lower formation energy compared to nucleation on

an amorphous material [129, 151]. That is because of interaction between substrate

surface atoms with the atoms of the overgrown material leading to decreasing size of

the minimum stable nuclei [129]. Solidi�cation of GaAs crystals at the interstitial

Ga droplets could be, in principle, initiated by increasing the As �ux or decreasing

the temperature [152]. To explain, the increased As �ux provides more atoms to the

surface that can form a stable nuclei of GaAs crystals within the Ga droplet. In addition,

decreased temperature results in decreasing size of the minimum sable nuclei. Therefore,

both mentioned parameters can increase the probability of nucleation of GaAs crystals
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Figure 4.13: (a) SEM image at the FIB patterned region at 30° tilted substrate. The uncontrollable
roughness characteristics of the oxide have resulted in the nucleation of non-epitaxial GaAs crystallites
between the holes together with epitaxial NWs at the holes. (b) RHEED imaging of the sample shows
DS rings originating from the non-epitaxial growth between the FIB holes. (c) SEM at 30° tilted
substrate of a sample of Si(111) covered by native Si oxide with a considerable amount of GaAs NW
growth, and in panel (d) the corresponding RHEED pattern shows distinct Bragg re�ections as a
characteristic of epitaxial growth.

on the amorphous oxide. In Figure 4.13a, the sample is supplied with As during the

aftergrowth cool-down. As seen in the inset of Figure 4.13a, GaAs crystals have formed.

SEM image analysis, similar to that in Section 4.1.4, indicates non-epitaxial growth of

these crystals. During the cool down (with a rate of 20 °C/min) at a temperature range

of 450−550°C, GaAs DS rings appeared in RHEED (see Figure 4.13b). Note that the

yield of NW growth at the holes on this sample is low. That leads to a loss of epitaxial

GaAs signal (RHEED spots) in the background of the RHEED signal. For comparison,

the aftergrowth SEM and RHEED image of a NW growth on Si native oxide is shown in

Figure 4.13c−d (see the density of epitaxial growth in panel c and the distinct RHEED
spots in panel d).

Epitaxial nanowire growth on damaged Si

It was shown above that, epitaxial NW growth is fully suppressed between the FIB

holes (see Figure 4.13). On the other hand, the nano-objects at the FIB holes epi-
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taxially correlate with the substrate as we will show in Chapter 5 and 6. In order to

evaluate the epitaxial correlation of overgrown nano-objects under extreme conditions

of FIB, we patterned a cross-shaped area on the sample, as shown in Figure 4.14a. In

particular, this region is patterned by illuminating a grid of spots with 5 nm spacing

using a high FIB dose of 45fC (30 keV, 93 pA, 6 nm beam width). Note that on this

cross-shaped area, the neighbored illuminated points overlap leading to complete re-

moval of the oxide. In addition, cross-sectional SEM imaging showed that more than

10 nm of the underneath Si substrate is removed. Here, the SRIM simulations indi-

cated that the crystallinity of the Si substrate is a�ected down to a depth of the 50

nm (for 10000 Ga+/point). However, SEM image analysis, as well as µXRD evaluation of

the crystal orientation of the overgrown objects, shows epitaxial relation between the

overgrown nano-objects and the underneath Si substrate. In particular, the orientation

of a signi�cant portion of the grown NWs on this area is perpendicular to the substrate,

which is a characteristic of epitaxial correlation between GaAs NWs on Si(111). Par-

asitic growth objects also showed distinct and aligned facets. The µXRD experiment

was performed at this region using the micrometer-sized X-ray beam. The µXRD ex-

periment details were discussed in Chapter 3. The di�raction pattern indicates that

the growth is epitaxial. In particular, a range of misorientations within few degrees is

naturally expected between the crystal orientation of the overgrown objects and the

underneath substrates. Such a natural misorientation in epitaxial growth is discussed

in Chapter 5 and 6 and formerly reported on native oxide by the authors in ref. [153].

In XRD Bragg re�ections, such misorientations are visible by elongation of Bragg spots

along their Debye-Scherrer rings. This behavior is in contrast to non-epitaxial growths,

where the di�use scattering of Bragg peaks contributes to a homogeneous intensity dis-

tribution along Debye-Scherrer rings. Therefore, it is evident that damage of Si is not

an issue in FIB patterning. That can be explained by recrystallization of amorphous

Si. Proust et al. have reported that amorphous Si layers recrystallize along their (111)

planes by annealing at temperatures between 578 � 658 °C [154].

4.2.3 Conclusion

In this work, a lithography-free patterning method is used to de�ne regular arrays of

nanometer-sized holes on silicon substrates. In particular, de�ned positions at a thermal

oxide layer on Si(111) are drilled using a focused Ga+ ion beam. At the drilled holes,

�rst, Ga droplets were positioned, and then self-catalyzed GaAs NWs were grown. Our
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Figure 4.14: (a) SEM micrographs at 30° substrate showing parasitic islands together with upright
NWs oriented perpendicular to the surface, which is the characteristic of epitaxial GaAs NWs. (b) XRD
image of the cross-shaped region shown in panel a at the vicinity of the cubic (111) Bragg re�ections
of the Si and GaAs. The XRD experiment is performed using a micrometer-sized beam illuminating
a footprint of 1.8Ö50 µm2 on the sample at GaAs(111) Bragg conditions. Here, a geometry similar
to that in Figure 3.3 is used. The indicated blue arrows show the corresponding tilting angle of the
GaAs(111) planes as compared to Si(111) orientation of the substrate. The XRD image shows a
characteristic epitaxial relation of the overgrown GaAs material on the Si the substrate.

experimental and theoretical understanding behind this patterning process revealed

that the exposure process induces damage to the crystalline structure of the underlying

Si substrate. However, µXRD shows epitaxial growth of GaAs NWs at the holes indicat-

ing recrystallization of the damaged Si. In agreement with our results, a previous report

has documented that damaged Si can recrystallize at temperatures above 580 °C [154].

Our study shows that the diameter of the drilled holes plays a crucial role in optimizing

the vertical yield of NW growth. The hole diameter could be manipulated by deviating

the focused ion beam dose (600−280,000 Ga+ per hole) at otherwise constant ion char-

acteristics. The top-view SEM images showed that the diameter of the FIB patterned

holes vary within a rough approximate range of 6−200 nm after the FIB patterning

procedure. Moreover, hydrogen �uoride etching (1−5 min) and the high-temperature

steps involved in the protocol of growth (450−650 °C) can signi�cantly change the hole
diameter. In the present study, at the patterned holes with a mean diameter within

~200−240 nm, we obtained more than 80% of vertical NW yield. Increasing the hole

diameter resulted in the growth of parasitic islands and multiple NWs at the holes. We

explain this diameter dependency by increased collection area of source material at the

substrate as well as unfavorable wetting of the Ga droplets at the bigger holes. How-

ever, the optimum hole diameter may vary for di�erent growth parameters and silicon

oxide intrinsic characteristics. FIB patterning can attract signi�cant attention in the

future because a lithography-free single-step of hole drilling completes the patterning

procedure. Moreover, our report can be qualitatively considered for other material sys-
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tems of NW growth to substitute other patterning techniques. To translate our results,

one has to consider a window of trial and optimization by implementing a range of ion

doses at each growth protocol on each batch of samples. In this way, a small window

of trial and error can e�ciently optimize the hole diameters for a high yield of growth.
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Chapter 5

In-situ monitoring of nanowire growth

In Chapter 1, it was pointed out that the performance of NW devices is optimal when

the nano-objects have uniform size [91, 37], composition [155], and orientation [153].

To this end, it is highly desired to develop the fundamental understanding of the NW

growth mechanisms by in-situ monitoring of their synthesis [42]. In the present chapter,

the �rst µXRD of an individual growing NW is reported. First, patterned Si substrates

are used (see Section 4.2) in order to identify the position of NW growth on the sample.

Second, the micrometer-sized synchrotron X-ray beam, presented in Section 3.1, is used

to resolve XRD signal from individual NWs. Finally, the position of the beam on the

sample is stabilized in order to monitor the growth of an individual NW. During the

NW growth, the evolutions of the crystal structure, size, and orientation of the NW

are extracted. The chapter is organized as follows. In Section 5.1, the experimental

approach is presented. In Section 5.2, the results and analysis approaches are shown.

The acquired results are discussed in Section 5.3. The chapter is concluded in Section

5.4. The outcome of this chapter is in review for publication in paper IV.

5.1 Experimental details

Attempts to study individual NWs during growth are hampered by the fact that it is

not apriori known where NWs nucleate. Therefore, the author decided to use a sample

with existing NWs. In this way, one could �nd the position of the NWs. The NWs were

then removed by annealing, and another growth step was performed while hoping that

new NWs appear at the same location. In order to increase the probability of success,

a FIB patterned sample of NW growth was used as the template. However, as shown

in Section 4.2, an annealing step could change the yield of NW growth at the patterned

69
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holes, which was the uncertainty of the approach.

Using the µXRD setup (see Figure 3.1), the following sequential steps were performed

in order to prepare for the in-situ time-resolved study of an individual NW growth:

(Step 1) A preferential position is located on the GaAs NW sample grown onto a pre-

patterned Si(111) substrate by means of X-ray beam detection. The sample contained

several subregions of squared grids of FIB patterned holes, as shown in Chapter 4,

Figure 4.10. This initially grown sample was ex-situ characterized by SEM. Then the

sample was re-inserted into the pMBE, and using the µXRD, certain NW arrays were

located.

(Step 2) The sample was heated up in order to evaporate and entirely remove the

GaAs NWs from the Si substrate. During this step, instrumental instabilities and

thermal drift were studied. Accordingly, a stable condition for initiation of the NW

growth was established.

(Step 3) The growth conditions were satis�ed, and a newly growing NW was mon-

itored employing in-situ time-resolved µXRD. Schematic sketch of the scattering ge-

ometry using the micrometer-sized X-ray beam at the GaAs substrate is illustrated

in Figure 5.1. Here, a few nano-objects are simultaneously illuminated, which were

angularly resolved on the detector plane.

Figure 5.1: Sketch of the scattering geometry in this experiment at (111) Bragg re�ection: the µm
sized X-ray beam is illuminated from the right and focused at a speci�c growth region. The Bragg's
condition is ful�lled for a NW and a few PIs (Par), respectively.
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Step 1: Alignment of the X-ray micro beam onto pre-patterned nanowire

sample

A FIB patterned Si sample after successful NW growth was used for alignment of the

µm sized X-ray beam onto a NW growth region. An SEM micrograph of the sample at

a subregion of NW growth is shown in Figure 5.2a with a yield of NW growth above

80%, NW mean diameter=47±10 nm, and NW length=1.18±0.12 μm. The details

of the NW growth protocol are presented in the caption of Figure 5.2a. After SEM

characterization, the sample was degassed (1 h, 300 °C, 10−7 mbar), and reloaded back

into the pMBE chamber. The sample was used for positioning the X-ray beam at a

certain NW array of interest (Figure 5.2a). The footprint of the beam at this scattering

geometry could cover up to 10 holes due to the shallow angle of incidence at GaAs

(111) (αi = 7.274° at 15 KeV). Setting the GaAs(111) Bragg's condition (see Figure

3.3), the substrate was mapped by a raster scan (RS) in both sample in-plane directions.

The angular positions of the goniometer were transformed into the coordinates of the

reciprocal space (see Figure 3.3b and the corresponding text in Chapter 3). Therefore,

the GaAs signal could be identi�ed. Each pixel in Figure 3.3b corresponds to the

integrated GaAs signal at each frame: GaAs scanning µXRD map of the sample (see

caption of Figure 5.2b for more details). In this way, the X-ray beam was precisely

positioned at a NW growth region on the sample.

Step 2: Prolonged Annealing for GaAs material removal and stabilization

After aligning the micrometer-sized X-ray beam onto a speci�c subregion on the sample,

the NWs were entirely removed by a prolonged annealing step at a vacuum pressure

within 1− 5 · 10−8 mbar consecutively �rst at 550±5 °C for 30 min and then at 610±5

°C for 2 hours. The complementary SEM studies proved that the GaAs material could

fully evaporate from the patterned holes (cf. Figure 6.3a,c). However, GaAs material

was more stable to thermal annealing at the marker regions. The FIB patterning

details at the marker regions are discussed in Section 4.2.2 (see Figure 4.14). At the

marker regions, a high density of epitaxial PI growth is observed after growth. After

the annealing step, a small amount of GaAs residual material remains at the markers

(see 5.3d). The GaAs residuals after annealing were detectable by both complementary

SEM ex-situ studies, as well as the in-situ µXRD. In the latter, a visible but weak

GaAs signal was received at the marker regions. On the other hand, the subregions of

NW growth did not show any XRD GaAs signal after the annealing step (in agreement
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Figure 5.2: Panel (a) shows SEM images of the sample after the �rst growth run. The procedure of
substrate preparation followed by HF 0.5% treatment, boiling the samples in deionized water for 1
min, degassing at a separated annealing chamber for 1 h at 300 °C within the 10−7 mbar range, and
then transferring into the MBE chamber. Here, a second annealing step was performed (10−8 mbar
range, 700±5 °C, 10 min). After ramping the substrate temperature down to a growth temperature of
590±5 °C, �rstly, 45 ML of Ga was deposited, resulting in Ga droplets preferentially located in the FIB
patterned holes. The NW growth was then followed by supply of As with a V/III ratio of 2 in order
to initiate GaAs growth with a 2D growth rate of ∼50 nm/h. Panel (a-I) shows a low magni�cation
top-view image from 81 subregions of growth onto which NWs are grown (compare that with Figure
4.10). Panels (a-II) and (a-III) show SEM images at 30° tilted substrate on the indicated subregion
with > 85 % yield of NW growth. Panel (b) shows the scanning µXRD map corresponding to the NW
growth (sub)regions indicated in panel (a) with a logarithmic color bar. Here, each pixel contains the
sum of GaAs(111) signal from 1−10 NWs at each frame. The scanning map in panel (b-I) is coarse
(285 points.mm−2), and in panel (b-II), that is �ne (26·104 points.mm−2).

with the ex-situ SEM results in Figure 5.3a,c). Therefore, the GaAs signals from a

few marker regions around the sample were used to study the behavior of the temporal

drift. It was observed that the temperature-induced drifts were maximum during the

temperature ramp-up and decreased by prolonged annealing duration. After 2 hours

of annealing at 610±5 °C, the drift e�ects turned out to become su�ciently negligible.
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Moreover, position and intensity of the Si peak (see Figure 3.3b) were studied all along

the experiment which assured su�cient angular stability of the beam with respect to the

sample. Because of the particular design of the patterned region, the relative distances

of the marker to NW growth subregions were known. Therefore, the author used that

to quickly relocate the micrometer-sized beam onto the patterned subregion of interest

after stabilizing the system.

Figure 5.3: (a,b) SEM image of the 30° tilted FIB patterned substrate on which GaAs NWs were
initially grown by the following procedure: after ex-situ and in-situ sample preparation with 1 min of
HF treatment (see Chapter 4), 45 ML of Ga was deposited at 610±5 °C. Then NWs were grown at a
Ga 2D rate of ∼150 nm/h and a V/III ratio of ∼2. Panel (a) shows the patterned holes and panel
(b) shows a highly dosed FIB patterned region with uncontrolled growth, which is called �marker� in
the text. (c,d) SEM image of the 30° tilted substrate grown at identical conditions as the sample in
panel (a,b), then cooled down and stabilized at room temperature. The sample was then ramped up
to 610±5 °C and annealed for 2 hours at a background pressure of 1 − 5 · 10−8 mbar. The grown
material fully evaporates at the subregions of NW growth and partially evaporates at the marker after
the annealing step.
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Step 3: Monitoring an individual growing nanowire using in-situ micro X-

ray di�raction

At the FIB patterned subregion of interest, the NW growth was initiated by keeping

the substrate temperature at 610±5 °C and introducing As molecular beam �rst up to

a stabilized background pressure of ∼ 4·10−7 mbar and followed by the supply of Ga.

The growth was performed at a Ga rate of ∼150 nm/h and a V/III ratio of ∼2. After
opening the Ga shutter, the growth was continued for a duration of 55 min. When a

weak visible NW single appeared, raster scans in both in-plane directions of the sample

were conducted to optimize the position of the X-ray beam with respect to the NW.

Moreover, a 3D reciprocal space map (RSM) was performed to optimize the angular

position of the NW with respect to the detection plane 1. The µXRD was followed by

keeping the position of the beam, sample, and detector constant. The exposure time

at each frame was 1 s and considering the digital processing time (0.44 s per frame),

the e�ective measurement time at each frame was 1.44 s. In order to check for any

undesirable drift during the growth, beam realignment to the NW signal was repeated

a few times along growth which re-con�rmed that no drift was happening (see below

for the analysis of data in Figure 5.13). By analysis of the signal, we will see that the

angular orientation of the beam onto the sample was su�ciently stable during growth

up to time=47 min. At this point, an RSM was performed. It appeared that the

angular motor movement was not su�ciently reproducible in this type of experiment

in signal intensity analysis but accurate enough in signal width (NW diameter) and

position (angular misorientation) analysis (see Section 5.3). In Figure 5.4, two RSMs

are shown from time=23 min and 47 min. Here, one could see the pixelized position of

detection plane in the reciprocal space with respect to the NW signal. During growth,

the evolution of the NW volume and length (reliable up to time=47 min), diameter,

tilt angle, and crystal structure are extracted from the di�raction pattern of the NW

signal.

1Since a 2D pixel detector is used, each detector frame cuts a slice in the reciprocal
space. Accordingly, the angular position of each detector pixel approximately corre-
sponds to a point within a gridded 3D matrix of q values along the conventional qx, qy,
and qz directions [156]. By rocking the sample, the incident angle of the beam on the
sample changes. As a consequence, the slice position of the detector in the reciprocal
space also changes. Notably, rocking the sample does not necessarily result in equally
spaced volumetric pixels in the reciprocal space. Therefore, in order to visualize the
data, the gridded transformed points at the reciprocal space are linearly interpolated
in 3D.
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Figure 5.4: Three-dimensional di�raction intensity distribution close to the GaAs (111) re�ection. The
reciprocal space mapping covers a di�use intensity of Si(111) at qz close to 2 Å−1. The red and green
structures represent iso-intensity surfaces. Panel (a) is taken before growth showing Si(111) and a part
of the crystal truncation rod. Panel (b) is taken after ∼47 min of growth showing an emerging GaAs
NW signal at GaAs(111) re�ection. Panel (c) and (d) are similar to panels (a) and (b), respectively, at
a more narrow qz range around the NW signal. The pixelized detection plane is shown in the reciprocal
space. Panel (e) shows the integrated intensity of the full box in panel (d) along qz axis where NW
signal, crystal truncation rod, and the detection planes are indicated.
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The subregion of interest after the in-situ growth experiment is shown in Figure 5.5a.

Here, using the XRD mapping, the NW of interest was precisely located on the sample

(blue circle in Figure 5.5a with high magni�cation in Figure 5.5b). The footprints of the

X-ray beam at the µXRD geometry are indicated with red ellipsoids. The di�raction

patterns corresponding to the red ellipsoids are shown in Figure 5.5c−d. As observed
in Figure 5.5a the growth on the sample includes 7% of vertical NWs and 93% of tilted

NWs and PIs. That can be related to the increased diameter of the holes after annealing,

as discussed in Section 4.2. SEM images from a few PIs are shown in Figure 5.6. XRD

signal from the PIs can be distinguished from the signal from NWs because PIs have

much smaller lengths, which means an extended signal along qz [157]. The XRD signal

in Figure 5.5d includes several objects elongated along qz which perfectly �t the SEM

image from the corresponding region. In Figure 5.5c, the XRD signal is mainly from a

single NW (concluded by signal analysis, see Section 5.3). The SEM image in Figure

5.5a at the inset of top red ellipsoid shows that a few other nano-objects are illuminated

which are mainly tilted NWs. As is shown in Chapter 6, the Bragg conditions for tilted

NWs (even in case of epitaxial correlation with substrate) can angularly deviate from

that of straight NWs.

Figure 5.5: (a) Aftergrowth SEM image of the NW region at 30° tilted substrate. The blue circle in
panel a indicates the NW of interest which was monitored during the in-situ study with a magni�ed
SEM image at panel (b). The red ellipsoids in panel a are the footprints of the X-ray beam at the
µXRD geometry. Panels (c) and (d) show the intensity distribution of the corresponding detector
images transformed into the reciprocal space from regions within the red ellipsoids. Panel c shows that
the Bragg conditions are satis�ed mainly for a single NW, and panel d shows that several PIs are at
Bragg conditions. The detector images in panels c and d are acquired at the timestamp of 47 min.
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Figure 5.6: Top-view SEM image of the PIs grown on the FIB patterned holes. The diameter and
height of the PIs are in the range of 200 nm which means that in the reciprocal space they have smaller
qy and larger qz elongation as compared to the NW signal with close to 50 nm diameter and few µm
length.

5.2 Results and analysis

Evolution of the intensity distribution around GaAs (111) Bragg re�ection at the NW

of interest are shown in Figure 5.7a−d in some selected detector frames. At qy = 0 the

crystal truncation rod of the Si is observed. The NW signal appears near GaAs(111)

Bragg re�ection identi�ed by elongated strikes along qy and narrow elongation along qz
(see Figure 5.7b). The NW peak is located at qy<0 meaning that the NW is slightly

tilted (see Figure 3.3). In a symmetric Bragg re�ection, the magnitude of the momen-

tum transfer wave-vector is:

|−→q | = qz = 2π/ad. (5.1)

where ad is the interplanar spacing between di�raction planes. As discussed in Chapter

2 (Table 2.1), interplanar spacing of GaAs ZB(111) and WZ(002) are ad−ZB (111) =

3.2641Å [158] and ad−WZ = 3.285Å [66]. Therefore, we have: qz ZB(111) = 1.925 Å
−1

and qzWZ(002) = 1.9127 Å
−1
. Along qz, as indicated in all panels in Figure 5.7b−d, the

NW signal lays between pure ZB andWZ marked by dotted lines. This is due to mixture

of phases within the NW [57]. The 2D intensity distribution acquired at the timestamp

of 22 min was accounted as the background signal, and therefore, it was subtracted

from all the detector frames (see Figure 5.7e−f). Note that the 2D intensity maps at

each frame are normalized to the X-ray beam current which had < 1 % �uctuations.

In order to analyze the NW signal, a 2D Gaussian [159] was �tted to the NW and Si

signals at each frame (see Figure 5.8a). The integrated intensity of the NW GaAs(111)

signal as well as the di�use Si(111) is plotted as a function of time in Figure 5.8b. Here,

the overall trend of the Si(111) intensity is constant except for some small deviations.

Angular instabilities of the X-ray beam are probably responsible for the latter. The

minor �uctuations, seen in the Si(111) signal, are re�ected in the trend of NW integrated

intensity but without a signi�cant impact on the general trend/functional behavior of
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Figure 5.7: Panels (a−d) show four representative detector frames transformed into the reciprocal
space. Panels (e−f) show the detector frames after background removal. 2D intensity distribution at
about time=22 min was accounted as the background and subtracted from all detectors. The color
bar at the right is linearly scaled and belongs to all detector frames.

the NW growth (e.g., cf. Si and GaAs signals in Figure 5.8b at time > 50 min). As

one observes in Figure 5.8b, the uncertainty around the data points are relatively high

originating in the signal to noise ratio. In order to gain a higher signal to noise ratio,

ten frames were integrated and averaged, leading to 14.4 s e�ective integration time per

frame and reduced error bars.

In Figure 5.9a, the intensity distribution around GaAs(111) is plotted in a logarith-

mic color scale (cf. Figure 5.8b and Figure 5.9a). An additional signal is indicated in

Figure 5.9a and assigned to a PI. Note that this PI signal is not visible in a linear color

scale in Figure 5.8b since its intensity is at least 10 times less than the NW signal. The

curve �tting procedure in Figure 5.8 was repeated with 1D Gaussian �tting. Here, the

2D intensity distributions at each frame is integrated along qy or qz within a box around

the NW signals in order to generate 1D line pro�les. Due to integration, the signal to

noise ratio considerably increases, causing access to the PI signal along growth. The

integration along qz and qy are referred to as qy and qz pro�les, respectively, exempli�ed

in Figure 5.9b and 5.9c, respectively. It is clearly observed in Figures 5.9b−c that the
NW is broader along the qy pro�le and narrower along the qz pro�le as compared to
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Figure 5.8: (a) Two-dimensional Gaussian �tting of the GaAs signal at the qy-qz intensity distribution
at the detector frame acquired at time=38 min and 5 s. (b) The integrated intensity of the NW signal
during growth: 1.4 s e�ective time per frame. Here, light blue is the Si signal (left axis); dark blue is
the GaAs NW signal (right axis). On the gaps, RSM and/or RS is performed.

the PI signal. That is in agreement with the expectation as revealed from the SEM

results shown above. From each 1D pro�le along qz and qy, the NW and PI contri-

butions were extracted as shown in Figure 5.9 and compared to the 2D Gaussian �t

parameters along both qz and qy directions. The NW peak characteristics extracted

from both approaches were in perfect agreement; however, the PI characteristics could

be extracted better from the 1D pro�les, as explained above. Therefore, the 1D pro�le

�tting is the basis of the analysis below.
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Figure 5.9: Signal analysis at time=38 min and 5s: (a) detector frame around the NW signal at a
logarithmic color bar (see Figure 5.8b for a linear color bar). The GaAs peak analysis is performed
by 1D Gaussian �tting after integrating the signal within a box along qy in panel (b) and along qz in
panel (c). The peaks assigned to a NW and a PI are indicated in green and red, respectively.

qz − pro�le analysis (structural evolution):

The qz�pro�le analysis is not the main strength of the implemented experiment. How-

ever, we give an insight into the NW structural evolution. Figure 5.10a depicts the

evolution of the qz�pro�les after background removal along growth. The time-resolved

central position of the NW and PI Gaussian �ts are plotted in Figure 5.10b (blue data

points). The dotted lines are the nominal pure WZ and ZB qz values. The central

position of Si di�use scattering is plotted in red (left axis) where 4qz is deviations of
the Si signal from its nominal value (qz = 2.002Å

−1
) at each detector frame. Note

that the left and right axes are equally scaled which shows that the Si peak is stable

all along the experiment (the setup is stable). However, the NW peak position con-

tinuously decreases in qz by increasing the time. In the case of a mixture of di�erent

polytypes, the phase contributions can convolute to one common peak [77]. Here, two

types of phases are assumed within the NWs as normally observed in TEM studies of

self-catalyzed GaAs NWs [155, 58, 29, 160]. Accordingly, one can de�ne a super cubic

lattice distance, dsc, as following:
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dSC = X·ad−WZ(111) + (1− X)·ad−ZB(111), (5.2)

where X is the number ratio of planes with WZ stacking in the NW. In the next step,

dSC = 2π/qNW is substituted based on equation 3.22 where qNW is the center of the NW

qz pro�le. Thus, the evolution of X during growth can be evaluated from the measured

peak position by:

X =
2π/qNW − ad−ZB(111)
ad−WZ − ad−ZB(111)

. (5.3)

Figure 5.10d shows the temporal evolution ofX during NW growth. Here, the increasing

WZ percentage by time from an initial value of 27% up to about 45% indicates that the

newly growing GaAs has higher probabilities for nucleation of WZ phase. On the other

hand, the PI signal appears at a di�erent qz value indicating a di�erent polytypism

with little deviation along the growth.

qy − pro�le analysis (nanowire volume, diameter, length, and angular mis-

orientation)

The time evolution of the qy-pro�les after background removal is illustrated in Figure

5.11a. In Figure 5.11b,c, and d, the Gaussian �tting parameters of integrated intensity,

fwhm, and center along the qy−pro�les are presented, respectively (see the y-axes on

the right). These �tting parameters are related to volume, diameter, and β tilt angle,

as shown at the left axes of Figure 5.11b,c, and d, respectively. Considering the NW

volume and diameter, the NW length is extracted.

The minimal scattering volume corresponding to ZB(111) and WZ(002) re�ection

for the given µXRD scattering geometry is estimated in ref. 75 to be VZB = 1.96 ×
104 ± 0.55 × 104 nm3 and VWZ = 4.16 × 104 ± 1.10 × 104 nm3, respectively. Here, the

characteristics of the X-ray beam at P09 beamline are taken into account to extract the

dependency between the scattering intensity and volume. Given that the NW structure

is approximated by a mixture of WZ and ZB phases, the minimum scattering volume

is estimated to be:

VNW = X·VWZ + (1−X)·VZB, (5.4)

where VNW is the minimal scattering volume of NW with X% of WZ content. The

initial signal of the NW appears at qz = 1.922Å leading to an approximated content
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Figure 5.10: (a) Time-resoled intensity distribution of the qz�pro�les after background removal: 14.4 s
e�ective time per qz�pro�le. On the gaps, RS and RSM are performed. The color scale is logarithmic.
(b) Time-resolved evolution of the central position of qz�pro�le Gaussian �ts for the Si (red) at the
left axis and for NW and PI signals (blue) at the right axis. Nominal positions of pure WZ and ZB
are indicated in dash lines. (c) Time-resolved WZ% at the NW along the growth.

of 27% WZ within the NW (see Figure 5.10b−c). The minimum scattering of the NW

at 27% WZ is about 2.36× 104 ± 0.91× 104 nm³. The integrated intensity of the �rst

GaAs signal (at about 24 min) is accounted to be the mentioned value of the minimum

scattering volume. Accordingly, the overall integrated intensity curve is normalized and

related to the scattering volume of the NW in Figure 5.11b 2.

Considering the �nite shape of the NW, the width of the di�raction peak is related

to NW diameter. Because the width of the probing beam is larger than the scattering

objects, the di�raction pattern is the Fourier transform of the scattering object. As

estimated in Chapter 3, the relation between the fwhm of the central peak along qy,

and the NW diameter, D, is D ≈ 1.68·π/fwhm. Accordingly, the evolution of the mean
2Note that in the volume calculation, the beam shape is not considered.
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Figure 5.11: (a) The intensity distribution of the NW Gaussian �ts along qy�pro�les after background
removal with 14.4 s e�ective time per frame. On the gaps, RS and RSM are performed. The color
scale is logarithmic. (b) Time-resolved scattering volume evolution of the NW and PI signals at the
left axis (integrated intensity at the right axis). (c) Time-resolved diameter evolution of the NW and
PI at the left axis (fwhm at the right axis); the red line is a linear �t at time < 40 min which gives a
mean NW diameter of 28.3±1.5 nm. The hot pink line is a polynomial �t for t > 40 min for eye guide.
(d) Time-resolved angular misorientation of the NW and PI with respect to the surface normal at the
left axis (central position of the qy�pro�le Gaussian �t at the right axis) (e) The NW and PI length
evolution during growth.

diameter of the NW and the PI has been estimated as a function of growth time (see

Figure 5.11c). The red line is a linear �t to the diameter of the NW at time < 40 min.

The slope of the �t is almost zero, with a value of D=28.3±1.5 nm. For the NWs with

deviating NW diameter, the fwhm observed in an experiment illuminating the full NW
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is reversely proportional to the volume average diameter, D, de�ned by:

D=

∫
D′(z)A(z)dz∫
A(z)dz

(5.5)

where D′ is the NW diameter, and A is the cross-sectional area, which both depend on

the z-coordinate along the NW axis [58]. In Figure 5.11c, the NW diameter at time > 40

min increases which can be explained by the onset of radial growth approaching a value

of D = 41.1±3.1 nm at the end of NW growth. This is in good agreement with the

volume average diameter extracted from SEM after growth (see Figure 5.5b). The

diameter of the PI is also extracted. Note that the PI diameter is divided by a factor

10 for a better visualization in 5.11c. The average diameter of the PIs grown at the

footprint of the X-ray beam (Figure 5.5b) shows that likely the PI signal comes from

the PI which is grown near the NW in Figure 5.11c. Here, the averaged diameter after

the growth is about 100 nm and agrees with the �nal diameter of the PI in Figure 5.11c.

The center of the qy�pro�les is a measure for the mean angular orientation angle

β of the NW growth axis with respect to the substrate surface normal. As discussed

in Chapter 3, β measures the projected tilt at the detector plane using equation 3.6.

Given the pixel size of the detector and the scattering geometry, β can be determined

with a resolution in centi-degree range (0.01° ≈ 2 ·10−4 rad). At 27min< time<40min,

β oscillates. However, at time > 40 min, β continuously decreases toward β≈0, where
at the same time, the NW diameter increases. That indicates a stabilization of NW

orientation for increasing diameter. In contrast to the NW, β angle of the PI is rather

constant.

Using the evaluated NW volume, V, and NW diameter, D, the NW length, L, is

extracted by assuming a simpli�ed cylindrical shape for the NW: L = V/(π·(D2/4)),

shown in Figure 5.11e. Here, uncertainties of the length are calculated using error

propagation, assuming that the measured volume and diameter are uncorrelated.

ΔL = L·

√
2(

∆D

D
)2 + (

∆V

V
)2 (5.6)

Within a range of 25 min < time < 45 min, the length, L, evolves by a function:

L = −3.71Ötime2 + 338.7Ötime− 5913. (5.7)

where the units of L and time are nm and min, respectively. The slope of the curve in

this period gives a rate, R, of axial NW growth to be:



CHAPTER 5. IN-SITU MONITORING OF NANOWIRE GROWTH 85

R = −7.4Ötime + 338.7. (5.8)

where the unit of R and time are nm/min and min, respectively. Diameter and length

evolution at Figure 5.11c and e show that at time < 40 min, the NW dominantly

grows axially (diameter stays almost constant), but at time > 40 min, the NW volume

increases mainly by radial growth. At the timestamp of 30 min, R is 117 nm/min (1.9

nm/s). By extrapolating the length curve at L =0, the incubation time of the NW

growth is calculated to be about 23.5 min. That is about 0.5 min after the acquisition

of the �rst NW signal (time = 24 min 7 s). Because the minimum scattering volume

for visibility (see above) is ∼ 2.36× 104 ± 0.91× 104 nm³ and D is ∼28.3±1.5 nm, the

NW length corresponding to the �rst visible NW signal is calculated to be 37±26 nm.

The height of the PI is shown at the right axis. Although with large uncertainty, the

height is less than 50 nm which is in agreement with the average volume height of the

PI extracted from the SEM micrograph in Figure 5.5b.

Further analysis

Because it is revealed that the NW is angularly instable within the detection plane

(along qy), angular movement of the NW perpendicular to the detection plane (along

qx) can not be excluded. In the following, the author discusses the likelihood that such

an angular movement along qx a�ects the NW characteristic curves in Figure 5.11. In

Figure 5.4d−e, in order to perform the RSM scan, the sample is rocked, meaning that

the X-ray incident angle changed in steps acquiring several frames. In those frames,

the position of the detection plane moves mainly along qx. To visualize, one could

consider that the pixelized detection plane in Figure 5.4d moves through the NW 3D

signal perpendicular to qx and parallel to qy. That allows for accessing to di�erent cuts

through the NW 3D peak. Those frames are analyzed by curve �tting of the NW 2D

peak. In the following, the NW signal in 3D and 2D (within the detection plane) are

referred to NW 3D signal and NW 2D peak, respectively. In Figure 5.12, the integrated

intensity (left y-axis) and fwhm (right y-axis) of the NW 2D peaks are extracted. The

x-axis (4qx) is the relative position of the detection plane with respect to the center

of the 3D NW signal along qx. It is revealed that a relative movement of the NW peak

and detection plane along qx, a�ects the intensity of the NW 2D peak. For example,

by relative movement of about 0.003 Å
−1

and 0.004 Å
−1

along qx, the NW intensity
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collapses by 70% and 95%, respectively. On the other hand, the fwhm seems to be much

less sensitive to such a movement. In particular, in order to estimate a considerable

change in fwhm of the NW 2D peak, the intensity must collapse by 95% (see indicated

dashed lines in Figure 5.12). Because the intensity curve in Figure 5.11b does not

undergo any visible decrease of intensity along NW growth (consistently increases), one

can conclude that the NW diameter is reliably acquired. Moreover, the data point

at time=47 min in Figure 5.11b is acquired from the RSM of the NW, which follows

the intensity trend. In particular, the detection plane at the central cut of the NW is

extracted from the RSM and taken as a data point. Therefore, it is concluded that the

volume curve is also su�ciently accurate. As a result of this analysis, it is found that

the NW angular position along qx has been su�ciently stable along the growth.

Figure 5.12: NW 3D signal analysis at 2D cuts along qx. In other words, the detection plane moves
with respect to the center of NW 3D signal. The NW peak is identi�ed within the detection planes
and the NW intensity and fwhm is extracted.

In Figure 5.13, the results of the RSs during the in-situ experiment are shown. In

Figure 5.13a, the red ellipsoid shows the footprint of the X-ray beam at the experimental

geometry. The blue circle shows the NW of interest. X and Y are the in-plane directions

of the sample. At the RSs, the sample moved along X- and Y-directions until the NW

signal entirely vanished on both ends. Note that in Figure 5.13a the X-ray beam is

illuminated at about 7.27° incident angle leading to extending footprint. The results

of three RSs along Y-direction (di�erent timestamps during the in-situ experiment)

are shown in Figure 5.13b. The vertical dotted line indicates the position of the NW
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of interest along Y-axis. From the position of the Gaussian �ts (see Caption of the

Figure), it is observed that the beam position is stable along the experiment. The RSs

along X-axis are shown in Figure 5.13c performed at three di�erent timestamps. The

maximum intensity of the NW peak along X-axis is shifted during NW growth (compare

green and red data points corresponding to 28 and 39 min of growth, respectively). To

discuss that, Figure 5.14a shows the horizontal and vertical beam shapes redrawn from

ref. [75].

Figure 5.13: Raster scans along both in-plane directions of the sample resulted in the movement of
the footprint of the X-ray beam with respect to the sample. In panel (a), 30° tilted SEM image at the
NW growth region is shown. The footprint of the X-ray beam (red ellipsoid) and the NW of interest
(blue circle) are indicated. The so-named X and y in-plane directions are indicated. As a consequence
of the RSs, the intensity at the detector image around GaAs Bragg peak is plotted as a function of
sample position along X in panel b and along y in panel c. Along the y-axis, several nano-objects are
illuminated. Along the X-axis, the intensity of the NW peak is extracted and plotted. The solid peaks
are Gaussian �ts at the data points containing a speci�c nano-object identi�ed by the signal shape.

Figure 5.14b illustrates a 2D scheme of the X-ray beam at its horizontal direction

(along X-direction). According to equation 5.7, the NW length after 28 and 39 min of

growth is about 0.6 µm and 1.6 µm, respectively. Figure 5.14c and d show a schematic

illustration of the NW with di�erent lengths at those growth times. It is schematically

shown that increased NW length can result in asymmetric illumination of the NW, i.e.,
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illumination of the NW with the tail of the X-ray beam. Therefore, readjustment of the

beam with respect to the NW is required in order to acquire maximum illumination.

That is ful�lled by moving the sample along X-axis as schematically shown in Figure

5.14d. The author believes that this is the reason for the corresponding observation in

Figure 5.13c. Here, the fwhm of the X-RS is a convolution of the vertical beam shape

and the length of the NW. The Gaussian �ts in Figure 5.13c have fwhm of 38.9±3.1
µm and 48.2±4.5 µm for the green and red data points, respectively. In particular, the

di�erence between the fwhm of the Gaussian �ts directly re�ect the NW length growth

projected to the sample surface. Therefore, the deduction result (9.3± 1.1µm) should

be multiplied to tan 7.274◦ = 0.13. In this way, based on the X-scan experimental

data, and independent from our analysis analogy in Figure 5.11, it is revealed that the

NW length has grown to 1.17 ± 0.14µm. This ascertains the NW volume and length

characteristic curves in Figure 5.11 very well.

Figure 5.14: (a) Horizontal and vertical X-ray beam shape determined by knife-edge scans redrawn
from ref. [75]. (b) Scheme of the vertical beam shape showing that the fwhm of the beam is about 6
µm. (c) Scheme of the illumination of the NW at its early stages of growth in symmetric (111) Bragg
angle (θ ≈7.27°). (d) Scheme of the illumination of the NW after 39 min of growth, illustrating that
the NW length grows by time. Accordingly, in order to receive maximum intensity, the position of the
NW with respect to the beam should be readjusted. That is performed by moving the sample along
the X in-plane axis.
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5.3 Discussion

Before initiating the supply of materials for NW growth, the sample was kept at the

growth temperature for a total duration of 2 hours. That was the key to stabilize

the system and setup. In this way, we examined and assured the angular and spatial

stability of the beam with respect to the sample. The analysis of the stability tests

during NW growth in Figures 5.12, 5.13, and 5.14 shows that the NW characteristic

curves are acquired successfully. In particular, the evolutions of structure, size, and

misorientation of an individual growing NW were resolved.

In the present work, it is shown for the �rst time that there is a competition

between axial and radial growth within an individual NW. In particular, in Figure

5.11, for about 15 min after NW nucleation, the source material is used up for axial

growth, and therefore, the radial growth is almost diminished (cf. Figure 5.11c and

e at 25 min < time < 40 min). On the other hand, during the radial growth of the

NW, the axial growth rate decreases (cf. Figure 5.11c and e at time > 40 min). It has

been formerly reported that the nano-objects which grow close to each-other compete

for source material by overlapping the precursor collection volumes of group V species

or di�usion areas of group III species [105, 161]. Such an analogy is acquired based

on ex-situ studies or in-situ ensemble studies. In ex-situ studies, the growth on dif-

ferent samples is compared where numerous uncertainties exist, similar to the results

in Section 4.1. In ensemble in-situ studies, the averaged behavior of NWs is accessed.

Therefore, in both cases, the size evolution of speci�c single objects stays unknown.

According to such studies, it is reported that the NWs with smaller diameters have a

higher axial growth rate at NW systems with limited precursor material [162]. In other

words, in order to have similar axial growth rates, the thicker NWs consume a higher

amount of precursor material which might not be locally available at the collection

volume of a NW. The NW growth rate in the present study decreases by increasing

diameter. To summarize the points, �rst, the supplied material is consumed for radial

growth at time > 40 min, which locally decreases the material supply for NW axial

growth. Second, the NW diameter increases, which means that more material supply

is required for keeping the axial growth rate constant. As a result, the radial and axial

growth of the NW compete with each other.

The driving force for the initiation of radial growth could be related to the di�usion

length of Ga adatoms [163, 164]. At increased NW lengths, the di�using Ga adatoms

(i.e., a signi�cant fraction of available Ga) can not migrate up to the NW top fact (111)

under the Ga droplet to contribute in NW growth; and therefore, they incorporate in
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the relatively less stable {110} NW side-walls [129].

At the footprint of the illuminating beam in Figure 5.5, a few PIs are present. In the

analysis of the results, we assume that the PI signal, which appears near the NW signal

in the reciprocal space, is the one which is shown in Figure 5.5b in the real space. The

height and diameter of the PI in Figure 5.5b �t the diameter and height extracted from

the XRD signal. As mentioned in the results section, the characteristic curves from the

PI do not signi�cantly evolve at prolonged growth durations (see Figure Figure 5.10 and

5.11 at structure, diameter, length, and angular orientation curves). For example, the

integrated intensity (volume) of the PI saturates about 10 min after the appearance of

the PI signal (nucleation). During the in-situ growth studies shown in this and the next

chapter, the author monitored the growth of a few PIs. It was observed that within

a few minutes, the �nal volume of the PIs is reached. That indicates that the facet

growth (VS mechanism) of the PIs takes place at much lower rates compared to the

VLS growth rates at the implemented growth parameters. In other words, the growth

conditions are optimized for VLS NW growth.

The structure analysis is based on the assumption that the self catalyzed GaAs NWs

usually grow with WZ and ZB phases reported for growth on Si [155, 58] as well as

growth on GaAs substrates [29, 160]. XRD analysis of the mixture of WZ and ZB

phases is reported in refs. [57, 96] for an ensemble of thousands of NWs. In the current

work, a single NW is analyzed based on a theoretical model for a mixture of phases. In

this way, it was revealed that the WZ content within the NWs increases along growth

up to about 45%. That is related to the speci�c growth parameters, which is used

[165, 42, 155] and again indicates a local deviation of growth parameters by increased

NW length.

An outstanding aspect of the presented data is the angular misorientation of the

NW during growth. In particular, β tilt angle of the NW could be determined with

a resolution in centidegree range (0.01° ≈ 2 · 10−4 rad). One could acquire a physical

feeling for this angular misorientation by putting a piece of paper (thickness of 0.1 mm)

under one side of a cupboard with half a meter width. Assuming that the paper is rigid

and the height of the cupboard increases on one side for about 0.1 mm, the cupboard

tilts about 0.01° with respect to its upright orientation. At a NW with a diameter of 30

nm, one has to increase the height of the NW on one side for about 0.05 Å. It is evident

in the presented results that the NW tilts back and forth within 0.1° tilt angle. That is,

in fact, a movement of the height of NW at one side about 0.5 Å similar to the cupboard

example. We will see in the next chapter that the NWs tilt during annealing. The NW

tilting is accompanied by shrinkage of the NW diameter. The regrowth of the same
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NW results in the realignment of the NW along its surface normal. It seems like that

the base of the NW undergoes tension also along NW growth, which is likely minimized

by diameter growth. This small deviation (within 0.01°−0.1°) of the NW orientation

can be attributed to the movements of dislocations at the NW interface. Dislocations

exist at the interface of GaAs and Si due to the 4.1% of lattice mismatch. They have

been observed at the interface of Si substrate and GaAs layers [166] as well as GaAs

NWs [17]. The dislocations can move at increased temperature. Challahan et al. have

recently documented thermally driven movement of dislocations of GaAs layers on Si

[166]. The small movement of the crystal structure by movement of dislocations is well

known. However, to the best of my knowledge, an XRD study which quanti�es local

tilt of the structure around the dislocation is missing in the literature. The increased

NW diameter seems to re-arrange the NW base and result in tilt of the NW toward

surface normal.

5.4 Conclusion

In this chapter, the dynamics of growth of an individual GaAs self-catalyzed NWs is

studied for the �rst time utilizing µXRD. In order to perform this highly sophisticated

experiment, several technical considerations are realized. Methods and theoretical in-

sights are also presented in order to extract NW characteristics from XRD signal. In

particular, volume, diameter, length, angular misorientation, and the overall polytypic

characteristics of a growing NW is resolved. The NW characteristic curves indicate

that two stages of NW growth exist. At the �rst stage, the NW grows axially at an

almost constant diameter. The angular orientation of the NW is unstable during this

stage. In particular, the NW oscillates within the range of 0.1° tilt angle with respect

to the substrate normal and by a periodicity of a few mins. At the second stage of NW

growth, the NW grows radially, and the axial growth rate decreases. Moreover, the

angular oscillations of the NW stop and the NW continuously tilts towards the surface

normal. The overall structure of the NW evolves in favor of WZ by increased NW

length. The results indicate that the radial and axial growth compete with each other

and the local supply of material change at the NW by increased length. Therefore, in

this work, aside from a technical breakthrough, a fundamental understanding of the

growth of self-catalyzed GaAs on Si is demonstrated. We hope that this achievement

demonstrates the capabilities of the µXRD platform for further studies on nanoparticles

of di�erent material systems using in-situ XRD.
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Chapter 6

In-situ monitoring of nanowire stability

In this chapter, the stability of individual epitaxial GaAs NWs is studied along several

hours of high-temperature MBE processing. The characterization methods are time-

resolved in-situ µXRD and SEM. The data in this chapter is published in ref. [79].

In Section 6.1, the NW annealing studies are motivated. The experimental details are

discussed in Section 6.2. It is shown in Section 6.3 that when the NWs are exposed

to MBE processing conditions at 610±5 °C without the supply of Ga source, they

can become thermally and angularly unstable. In particular, the facets of the NWs

evaporate, and their diameter decreases. Along with facet evaporation, it is revealed

that the PIs evaporate faster than the NWs. Moreover, the NWs tilt and fall down.

The in-situ µXRD data evidences vibration/bending of the NWs prior to falling down.

Interestingly, when exposed to the original growth conditions, which include gallium and

arsenic supply, the vibrations/bendings are suppressed, and the tilting is reversed. The

discussion and conclusion of the results are followed in Section 6.4 and 6.5, respectively.

The �ndings in this research contribute in the fundamental understanding of reverse

growth through annealing studies. Moreover, this work can provide insights toward

the engineering of self-catalyzed GaAs NW growth by NW size tuning as well as the

removal of parasitic growth objects which so far could not be reproducibly and fully

suppressed in NW growth studies.

6.1 Introduction

Annealing studies can address reverse reaction kinetics and therefore enhance the fun-

damental understanding of NW formation/evaporation. In-situ TEM annealing studies

of nanostructures have revealed an interaction of the catalyst particle with the top

93
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facet of NWs [60, 61]. For GaAs NWs, there are indications of decreasing the defect

density by annealing close to the temperature of 600±5 °C [62]. Annealing under UHV

conditions at a temperature of 680±5 °C was used right after the growth of GaAs

self-catalyzed NWs to reduce the NW diameters for tuning their quantum con�nement

[167]. In Chapter 5, it was brie�y discussed that the high resolution of the µXRD setup

(0.01°≈2 · 10−4 rad) makes it a powerful tool for addressing angular orientation of over-

grown nano-objects onto single crystalline substrates. Moreover, by extracting the size

of the scattering objects, one could address thermal stability of nano-objects using the

µXRD. Here, epitaxial self-catalyzed GaAs NWs and PIs are pre-grown on Si(111) and

individual nano-objects are monitored at high temperature under MBE processing con-

ditions by means of in-situ time-resolved µXRD. It has been reported that under such

conditions, material can evaporate [167] and thermally induced mechanical vibrations

of NWs can be excited [168, 169] similar to vibrations excited by electromagnetic waves

[170]. In this chapter, the angular stability of pre-grown individual upright standing

GaAs NWs is studied at high temperature under di�erent MBE processing conditions

namely: i) without supply of source material, ii) with arsenic supply, iii) with arsenic

and gallium supply. Moreover, thermal stability of NWs is addressed in comparison to

the PIs in GaAs self-catalyzed growth. Given that the PIs are nano-objects of signi�-

cantly di�erent size and shape compared to the NWs, they may in�uence the physical

properties of a respective NW device. Therefore, removal of the PIs will improve the

speci�c characteristics of a device based on NWs. Given that in growth on both Si

native oxide (Section 4.1) and Si patterned substrates (Section 4.2), the growth of PIs

could not be fully suppressed, alternative ways to remove the PIs are of interest. This

work demonstrates that the ratio between the number of NWs and PIs can be e�ectively

increased by annealing at a temperature below the congruent temperature. Due to the

signi�cant size di�erences, it is expected that the PIs have di�erent evaporation rates

upon annealing [171] fundamentally opening up the possibility to remove them. By ex-

situ SEM studies, it will be shown that the NWs start to tilt until they lie down �at on

the substrate surface by annealing at the temperatures between 460±5 °C and 610±5

°C depending on the NW sizes. That is about 20−170 °C below the congruent tem-

perature of GaAs [120, 121], i.e., the temperature at which stoichiometric evaporation

of species takes place. In particular, the NWs that the author grew on FIB patterned

substrates with diameters more than 60 nm could fall down within 1 hour of annealing

at 610±5 °C. However, the author observed that only at even higher temperatures the

wires start to evaporate completely within a reasonable time of experiment. Moreover,

the tilting occurs for NWs on patterned as well as non-patterned substrates and with or
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without exposure to air. Using in-situ µXRD the tilting process is monitored, and vi-

bration/bending of the NW are identi�ed already before lying down onto the substrate

surface.

6.2 Experimental details

Nanowire growth

The NW growth was performed as discussed in Section 4.2 by FIB patterning and using

the pMBE chamber [70]. After the FIB procedure, the sample was 1 min HF treated, 10

min boiled in deionized water, 30 min annealed at a pre-chamber at 300 °C at 5× 10−7

mbar, and in-situ transferred to the UHV pMBE. Here, the sample was further heated

to 700±5 °C for 10 min and ramped down to the growth temperature of 610±5 °C, and

45 MLs of Ga were deposited to form Ga droplets which preferentially are located in

the FIB patterned holes. Out of these droplets, NW growth was performed by VLS

growth [24] at Ga rate of ∼140 nm/h and a V/III ratio of ∼2 for 1 hour. Additionally,
several complimentary samples were grown on Si(111) samples of both FIB patterned

and native oxide. Some samples are shown in Figure 6.1 where the speci�ed growth

conditions can be seen in the caption of the �gure.

Scanning electron microscopy characterization

The details of SEM characterization were explained in Section 2.3. The FIB patterning

allows for repeated imaging of a speci�c set of NWs after exposure to various MBE

processing conditions discussed below.

Annealing under MBE processing conditions

After the SEM characterization, samples were reloaded back into the pMBE UHV

system, to study the e�ect of exposure to MBE processing conditions. All the samples

in this section were initially degassed at 300 °C for 30 mins within 1 − 5 × 10−7 mbar

range in a pre-chamber and then transferred to the growth chamber and exposed to

the respective processing conditions for a de�ned time. The impact of the process

was studied ex-situ by SEM or in-situ by µXRD as described below. In order to

study the qualitative impact of air on this study, additional samples on Si(111) with
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native oxide were directly processed after growth and cooled down to room temperature.

The following conditions were chosen as processing conditions: i) high-temperature

treatment without supply of source material, i.e., under UHV conditions with pressure

typically below 10−8 mbar range; ii) high-temperature treatment in As atmosphere

using a �ux rate of 300 nm/h at a stabilized background pressure of ∼ 10−7 mbar; iii)

high-temperature treatment with supply of both As and Ga, with an equivalent 2D

GaAs growth rate of ∼140 nm/h and a V/III ratio of ∼2, equivalent to the original

growth conditions of the NWs on the FIB patterned substrates.

In-situ micro X-ray di�raction

Time-resolved in-situ measurements by µXRD were performed as a complementary to

SEM and in order to obtain a better understanding of the ongoing processes during

the annealing in the MBE. The geometry of the µXRD setup is shown in Section 3.1,

Figure 3.3. The details of the reciprocal space transformation are explained in Section

3.1. To study the behavior of NWs under MBE processing conditions, a sequence of

detector frames is recorded with an exposure time of 1 s. Due to image processing

overhead, one image is saved every 1.44 s.

6.3 Results

After the growth, SEM characterization of the FIB patterned sample, grown for in-situ

measurement, revealed a growth yield of 21±2% for vertically growing NWs. That was

obtained by studying more than 15 patterned subregions (see Figure 6.1a, where one of

the subregions is shown). Two speci�c NWs grown on the FIB patterned substrate are

shown in Figure 6.2a,b which are showing a typical length of 3−4 μm with diameter of

60−70 nm and 100−120 nm at the bottom and top, respectively. More SEM images

of the as-grown FIB patterned substrates are shown in Figure 6.1a−b. SEM images of

the as-grown NWs on the native oxide substrates are shown in Figure 6.1c−d.
In the pMBE chamber, several annealing steps for case i), i.e., without supply of

source material, were performed at temperatures of 410±5 °C, 460±5 °C, 510±5 °C,

560±5 °C, and 610±5 °C for one hour and the sample was removed for SEM imaging

after every step. For annealing temperatures up to 510±5 °C, no change in the NW

morphology has been detected. However, the Ga seed particle on top of the wires

seemed to disappear (see Figure 6.3). It is reported that the liquid Ga droplets on Si
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Figure 6.1: SEM image at 30° tilted substrate after GaAs growth on (a) the FIB patterned Si substrate
studied during the µXRD in-situ experiment with a NWs with length of 3−4 μm and diameter of 60−70
nm; (b) a di�erent FIB patterned Si substrate grown under similar processing and growth conditions
as in (a) but grown at a di�erent substrate temperature of 580±5 °C which resulted in NWs with
similar sizes but a higher yield of NW growth as compared to that of (a). (c) Unpatterned native Si
substrate; the sample is etched for 1 min in 0.5 % hydrogen �uoride acid diluted in water and boiled
in deionized water for 10 min prior to growth and grown at a 2D GaAs growth rate of 30 nm/h and a
V/III ratio of 5 at a temperature of 580±5 °C by simultaneous introduction of As and Ga. The NWs
have an average diameter and length of 180±53 nm and 2.4±0.2 µm. (d) SEM image at 85° tilted
substrate after GaAs growth: the sample was heated to 650±5 °C for 30 min of annealing prior to the
growth. After deposition of 65 MLs of Ga to form Ga droplets, NW growth was performed at a growth
temperature of 560±5 °C at an equivalent 2D GaAs growth rate of ∼50 nm/h and a V/III ratio of ∼6
for 1 hour.
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Figure 6.2: Scanning electron micro-graphs of NWs at 30° tilted substrate in their as grown state
(a,b), and after exposure to 610±5 °C for 1 hour at UHV conditions (c,d). The comparison of the
panels shows that due to the annealing, facets of the NWs are shrinking/degrading and NWs visibly
tilt from their initial upright orientation. Additionally, the seed particle and PIs between the wires
are disappearing. The diameter of the NW shown in (a) and (c) decreases by annealing from ∼89 and
∼125 nm to ∼63 and ∼111 nm at the NW top and bottom, respectively; and the diameter of the NW
shown in (b) and (d) decreases by annealing from ∼82 and ∼138 nm to ∼75 and ∼120 nm at the NW
top and bottom, respectively. (e) Schematic illustration of the summary of results from the several
ex-situ SEM studies on patterned and unpatterned NW samples: after the annealing procedure which
involved a cooling step down to room temperature, the NWs were thinner and tilted.
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substrate decrease in size by annealing [138]. It was observed that during annealing

of the samples above 510±5 °C without exposure to air, the Ga droplets on the NW

tips indeed decrease size. Considering that Ga forms a self-limiting oxide layer at room

temperature [172] and the oxide species of both Ga and As evaporate by annealing at

similar temperatures [136], the shrinkage of Ga droplets in our case can be accelerated

by evaporation of the oxide layer during annealing resulting in disappearance of Ga

droplets (Figure 6.3).

Figure 6.3: 30° tilted SEM image of a NW on sample of Figure 6.1b where panel (a) is after growth;
(b) annealed at 410±5 °C; (c) annealed at 460±5 °C; (d) annealed at 510±5 °C; (e) annealed at 560±5
°C. The annealing time at each temperature is for a duration of one hour. The scale bar is 200 nm.

Depending on the NW sizes, the tilting started at di�erent temperatures. On two

di�erent NW samples grown on native oxide which had NWs with diameter of 40±8

nm and 25±7 nm, the NWs fall down after annealing at 510±5 °C and 460±5 °C, re-

spectively; however, the NWs maintained their original diameter characterized by SEM.

On the FIB patterned samples with NWs above 60 nm diameter, after the annealing

at 560±5 °C, few NWs appeared tilted with respect to the substrate normal, again by

maintaining their original diameter under the resolution limits of SEM. In contrast, the

diameter is decreased after the annealing at 610±5 °C, which can be seen in Figure

6.2c,d. The tilt of initially upright standing NWs drastically changed, cf. Figure 6.2a,

b. The schematic illustration in Figure 6.2e pictorially summarizes the ex-situ SEM

results. After the annealing, the orientation of the NWs covers an angular range from

upright down to even fully fallen, i.e., lying �at on the substrate surface. From the com-

parison of Figures 6.1 and 6.4/6.5, it can be seen that the tilting behavior is something

intrinsic to the NWs treated under such conditions. Especially it is seen in Figures

6.1c and 6.4c−d that NWs grown on native Si oxide, i.e., without patterning, also show

similar tilting behavior and lie down on the substrate surface before they evaporate.

Moreover, the sample which is not exposed to air after growth also shows fallen NWs

after annealing at 610±5 °C, cf. Figure 6.1d, 6.5a of two samples grown under similar
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conditions, where in Figure 6.5a the sample is annealed directly after growth. Figure

6.5b shows a sample grown similar to 6.1d but step by step annealed similar to Figure

6.2. On this sample, NWs of di�erent sizes grow and the longer and thinner NWs fall

down at lower temperatures. The NWs with 40±8 nm diameter fall down by annealing

at a temperature of 510±5 °C. The cross-sectional image in Figure 6.5b in comparison

to Figure 6.1d evidences that after annealing the NWs can lie completely �at on the

substrate.

By means of ex-situ SEM studies, it is established that epitaxially upright standing

NWs exposed to high temperature lie down on the substrate surface without supply

of source material (case i) before they evaporate. Accordingly, to reveal the involved

mechanisms, in-situ µXRD is performed for cases i−iii mentioned above. It is worth

noting that the ex-situ SEM annealing study at each sample included a heating as well

as a cooling step up to the annealing temperature and down to the room temperature

before SEM characterization; and only an in-situ time-resolved monitoring study could

reveal if the NW falling happens during the heat-up/cool-down or during the annealing.

Using the pMBE chamber, time-resolved in-situ di�raction studies have been performed

at beamline P09/DESY, Hamburg in the vicinity of the GaAs(111) Bragg peak. Similar

to Chapter 5, the GaAs(111) Bragg condition is ful�lled at 7.27° incidence angle at 15

keV X-ray beam energy with respect to the surface, and the resulting beam footprint

on the surface is 1.8Ö50 µm². Here, up to 10 holes were illuminated simultaneously

(one row of holes in Figure 6.1a). By keeping the Bragg condition, the sample was

mapped to locate the FIB patterned area containing the NWs of interest (similar to

Figure 5.2 in Chapter 5). For the selected region of interest, a representative detector

frame transformed into the reciprocal space coordinates was shown in Chapter 3, Figure

3.3b where the features in the detector frames at the µXRD setup were introduced.

From the intensity ratio of ZB and WZ Bragg signals, one concludes that under the

used growth conditions, the NWs are predominantly grown in the ZB phase in this

chapter of my work. Once the NW region of interest was identi�ed, the temperature

was ramped up to 610±5 °C with a rate of 20 °C/min. Because the ex-situ SEM

images indicated tilting of NWs at 610±5 °C, the author chose this temperature (which

is 20 °C below the congruent temperature of GaAs [120]). At the same time, it is

expected that all the oxide species of Ga and As evaporate which had been created

during exposure of the sample to air [136]. First, the behavior of the NWs under As

supply (case ii) is studied. In Figure 6.6a−c, evolution of the signal on the detector is

shown for selected detector frames, while the full time evolution of the signal is shown

in a supplementary video �le in ref. [79] (Video 1). Note that during the initial 50 min
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Figure 6.4: (a) and (b) are 0° degree tilted (top-view) SEM images after the annealing of the same
sample region shown in Figure 6.1(a) and (b). Panel (a) shows the sample after the in-situ µXRD
experiment where the inset shown at the top is a SEM image at 85° tilted substrate showing a NW
(at one other growth region) horizontally lying on the substrate after annealing; and (b) shows the
sample after annealing at 610±5 °C for 1 hour. Panel (c) is a 0° degree tilted and (d) is 30° tilted
SEM image which show two regions of the sample in Figure 6.1(c) after annealing at 610±5 °C for 1
hour and an additional 10 min at 660±5 °C. The majority of the NWs fell down after annealing while
(d) shows two thicker NWs marked by red circles which are still upright standing after annealing. The
fallen NWs have an average diameter of 67±26 nm and the upright NWs have an average diameter of
99±36 nm. The overall average diameter and length are 84±30 nm 1.7±0.3 µm.
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Figure 6.5: Two samples grown in identical procedure as in Figure 6.1(d) and annealed without any
source supply: (a) 30° tilted SEM image of a sample which is annealed without exposure to air at 610±5
°C for 1 hour: the majority of the NWs fall down after annealing. The inset shows a high magni�cation
focus on the NW base after falling. (b) Cross-sectional SEM image at 89° tilted substrate: after growth
and SEM characterization, the sample was degassed at 300°C for 1 hour, reloaded back into the MBE
chamber and annealed at 510°C for 1 hour. The longer NWs fall down, whereas the shorter and thicker
ones seem to be more stable.

at the target temperature, beam-realignment and stabilization had to be performed

repeatedly, which prohibited monitoring of the di�raction signal. Moreover, to assure

the angular stability of the beam with respect to the sample, the specular beam position

and intensity was monitored which demonstrates su�cient stability of the system (e.g.,

see Video 1 in ref. [79] at the specular beam). In the region of interest, initially, two

NWs were in Bragg condition (see Figure 6.6a). In the time interval between 50 and

53 mins, the signal of both NWs slightly changes along the DS ring and also weakens

in intensity.

The intensity variation of the signal either corresponds to the evaporation of NW

material, or re�ects a tilt perpendicular to the detector plane which causes deviation

from exact Bragg condition and subsequent loss in intensity. Because the tilting of the

NWs is observed at the detector plane within 1°, it seems likely that similar tilting also

occurs in other directions. Based on the discussion in Chapter 5 in Figure 5.12, a range
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Figure 6.6: Evolution of the intensity distribution of the NWs in selected detector frames during
exposure to As and simultaneous Ga and As �ux at a substrate temperature of 610±5 °C: (a�c)
annealing under an As �ux equivalent to a ∼300 nm/h growth rate of 2D As-limited GaAs; (c�g)
simultaneous introduction of As and Ga at a V/III ratio of 2. During the measurement, several
objects are in the Bragg condition; however, during the several hours of the experiment, realignment
was performed to remain aligned to the signal labeled as NW1. A logarithmic color scale is used
as indicated on the right, which means that in part g the signal of NW1 is more than 1 order of
magnitude stronger than the signal of a PI, labeled by �Par�. One observes that, during the annealing
in As, the tilt of NW1 is increasing, while this e�ect is reversed in parts c�g. The panel at the right
side illustratively demonstrates the changes happening on NW1 in real space.
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of NW tilting within 1° (> 0.03 Å
−1
) along qx is su�cient to fully loose the NW signal

preventing the quantitative analysis of the di�racted intensity. In full agreement with

the analogy of discussion in Chapter 5, the observation of NW integrated intensity in

this chapter showed an oscillating intensity variation down to > 90 % collapse along

the several hours of the experiment.

By observing the NW tilting during the annealing under As supply (case ii), it is

concluded that the NW behavior is similar to that without supply of source material

observed in Figure 6.2 (case i). Before NWs were fallen, the processing conditions are

changed to further monitor the behavior under the supply of both Ga and As (case

iii). To do this, at the timestamp of 54 min, the Ga source, in addition to the As

source, was opened. It is seen in Figure 6.6d−g and the corresponding Video 1 in ref.

[79] that the tilt position and intensity of NW1 were recovered; and at the end of this

growth process, the intensity was even stronger compared to that at the beginning of

the experiment, indicating growth of the GaAs NW.

At the same time, the β angle is reduced and approaching zero at the �nal stage

of the growth run. The panel at the right side in Figure 6.6 pictorially illustrates the

changes in NW1 in real space. The signal of NW2 is lost during the process, but a few

frames just before the signal vanishes, the tilt β of NW2 is reduced after opening the

Ga shutter (see NW2 in Video 1 in ref. [79] at the timestamp of 54.5 min to 55 min).

The loss of the signal of NW2 can either be due to a slight drift in the position of the

X-ray beam (since the alignments scans only targeted NW1) or simply due to a tilt

along qx. During the last phase of the growth, newly appearing signals are associated

to a NW and PI which in Figure 6.6 are named �NW3� and �Par�, respectively. Signals

of NWs and PIs, similar to Chapter 5, can be distinguished because the PIs have much

smaller height compared to NWs and show an extended signal along qz [157]. Moreover,

di�erent NWs can be distinguished and monitored from the di�erent ratio between their

ZB and WZ content. It was observed that the growth rate of PIs is slower than that of

NWs. However, the observations here evidence the appearance of the signal, assigned

to a PI, about 150 min after opening the Ga shutter (see video 1 in ref. [79]). This

could be related to the suppressed nucleation of the PI after oxidation of the sample at

the �rst growth run, which is in agreement with the �ndings in ref. [173].

During the processing with supply of both Ga and As, also the di�erence between the

two peaks along qz was observed to evolve. The NW remains mainly in the ZB phase;

however, the peak associated with pure WZ moved toward the ZB peak indicating a

change of the polytype mixture during the additional growth similar to ref. [96].
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Figure 6.7: Evolution of the intensity distribution of the NW in selected detector frames during
annealing without source supply at 610±5 °C. Panel a shows the NW fully upright, similar to the end
of the regrowth process shown in Figure 6.6g. While the annealing is ongoing, the parasite (�Par�)
evaporates (b) and the NW tilts until it vanishes from the detector plane (c�g). Panels d�g show four
consecutive frames. A logarithmic color scale is used as indicated on the right. The panel at the right
side illustratively demonstrates NW1 in real space.
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After 220 min, the supply of Ga and As molecular beams was stopped and the NWs

were further monitored by µXRD without source supply (case i). Roughly 10 and 25

min after ending the supply of material, the pressure decreased below 5×10−8 and 10−9

mbar, respectively. In Figure 6.7, the evolution of the di�raction signal is shown for

selected detector frames during annealing without source supply (case i). During the

initial 53 min, the NW1 signal remains very similar to that observed in Figure 6.6g, but

in agreement with the �ndings observed in Figure 6.2, the PI signal becomes weaker

and vanishes much faster than the NWs at the timestamp 58 min. This indicates that

the PI is thermally not stable. In the time interval between 57 and 91 min, the NW

signal slightly broadens and moves along the DS ring, indicating a change of β by 0.26°

(see Figure 6.7a�c). After 91 min of UHV annealing, changes in β are accelerating.

As seen in Figure 6.7c�f, the signal from NW1 gets signi�cantly broadened along the

DS ring and also begins to tilt more. In the detector frame acquired after Figure 6.7g,

the signal from NW1 completely vanished, and it could not be found again even by

sample rocking scans and X/Y mapping. Finally, after a further 44 min, the heating

was stopped. The pictorial illustration at the right side of Figure 6.7 shows a summary

of the changes in NW1 along the annealing process. The full time evolution of the

signal can be seen in ref. [79] at the supplementary information, Video 2.

6.4 Discussion

As is shown above, high-temperature treatment of GaAs NWs in a high vacuum can

result in tilting of the NWs. Up to 510±5 °C, the NWs with diameters of more than

60 nm grown on FIB-patterned Si substrates are stable, and no signi�cant change is

observed after 1 h of treatment. At 560±5 and 610±5 °C, tilting of the NWs, as well

as relatively slow evaporation, takes place. However, a side-wall roughening visible in

SEM occurs only at annealing temperatures as high as 610±5 °C. This is attributed to

material evaporation from the facets, shrinking the sizes of the NWs, which is in agree-

ment with the annealing e�ects at a temperature of 680 °C, as reported in ref [60]. It is

reported that, by annealing of GaAs, pits may form at the surface irregularities (kinks)

[174]. In the annealing experiment presented in this chapter, the surface irregularities

could be enhanced as a result of oxidation and consecutive oxide removal, which leave

atomistic kinks on the NW surface. Moreover, the PIs fully evaporate during annealing

at 610±5 °C (cf. Figure 6.2a,b). The latter might be related to the Gibbs�Thomson

e�ects, explaining the greater detachment rates of adatoms from smaller object sizes
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[171]. Similar to the shrinkage of Ga droplets after exposure to air explained above,

evaporation of oxide species on the PIs could accelerate the shrinkage rate [173].

The ex-situ studies also reveal that the PIs, which inevitably grow during self-

catalyzed growth of GaAs NWs, disappear when the samples are treated at 610±5

°C for 1 hour. It is notable that the tilting of the NWs occurs on the onset of evapo-

ration for NWs thicker than 60 nm; however, as is shown for growth on pre-patterned

as well as non-patterned (native Si oxide) Si substrates, NWs get thinner �rst, tilt, and

�nally lie down on the substrate surface before they fully evaporate (see Figure 6.2 and

6.8). Although a critical thickness might exist under which the NW tilt and fall down,

the author could not report such a critical thickness for 610 °C. That is because the

diameter shrinkage seems to be inhomogeneous along the NWs where the NWs possess

a much smaller diameter close to their bases (see Figure 6.8b and c).

Figure 6.8: SEM image at 30° tilted substrate: (a) Ga droplet at the NW side-wall result in NW
bending. (b) and (c) NW tilt after annealing of the sample shown in Figure 6.2.

On the other hand, it is observed that the initially grown thinner NWs are angularly

unstable at even lower temperatures. In particular, the NWs in the samples with aver-

age NW diameter of 40±8 nm and 25±7 nm tilt at annealing temperatures of 510±5 °C

and 460±5 °C, respectively. Variations in the onset of tilting from NW to NW on each

sample can be explained by the local di�erences in the object sizes and surroundings,

which imply deviations of the local evaporation kinetics. Also, the nucleation within

the FIB-patterned holes might vary from NW to NW [94] in�uencing the tilting behav-

ior and direction as well. The NWs seem to be still straight in the SEM images even

after they fully lie down to the substrate surface (see Figures 6.4 and 6.9f). At even
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higher temperatures above 660±5 °C, the NWs completely evaporate within 1 hour of

annealing. From the comparison of the NW length and diameter in Figures 6.1c and

6.4c,d, one sees that the average length of the NWs decreases by about 30%, whereas

the diameter decreases by 54%, which corresponds to evaporation of about 80% of the

volume of the NW. This indicates that the evaporation mainly takes place from the

NW side planes. Tuning of the diameter of self-catalyzed GaAs NWs by a comparably

small change of the length was formerly reported by annealing at a temperature of 680

°C at a UHV pressure of 10−8 mbar [60]. The density of the NW growth in ref. [60] has

been 25 times higher than that of our FIB patterned holes (108 cm−2 vs. 4Ö106 cm−2),

the diameter of the NWs was considerably smaller, and the annealing time was limited

to 30 min. Considering these di�erences to our experimental parameters, the evapora-

tion/tilting of the NWs are expected to be di�erent. Moreover, no high-resolution XRD

was performed by the authors; therefore, a small tilt might have been left unnoticed

with SEM characterization. In order to understand the detailed mechanism of this tilt-

ing process, the author analyzes the evolution of the peak width, i.e., fwhm on the DS

ring, and the tilt angle β monitored during the in-situ experiments (Figure 6.9). Gaps

in the extracted data originate from interruptions of the data acquisition due to realign-

ment of the NW position and Bragg angle. In the results of this realignment/tracking

process, the peak intensity may slightly change and is therefore not analyzed. Figures

6.9a and b show the tilt β and parts d and e of Figure 6.9 show the peak width along

the DS ring of NW1 during processing with only As and with both Ga and As supply

(a,d), and without supply of any source material (d,e). The dashed lines in Figure 6.9a,

c indicate the moment when the Ga shutter was opened. The NW starts to tilt during

annealing after 50 min if only As is supplied (Figure 6.9a) and after 89 min without

supply of source material (Figure 6.9b). In particular, in Figure 6.9b, between 53 and

88 min, β changes by a small amount (Δβ < 0.1°) but increases drastically during the

following 6 min and reaches tilt angles as large as 3.5°. From the change of β with

time, the tilt rate can be derived, i.e., the velocity with which the NWs are lying down

to the substrate surface. The derived data are shown in Figure 6.9c and show that

up to the timestamp 88 min, the NW is tilting back and forth with velocities below

0.025 °/s. After the onset of the tilting, the velocity is sharply increasing at the last

frame (Figure 6.7g) and reaches 1.6 °/s which is signi�cantly beyond the y-axis limits

in Figure 6.9c and not shown. This occurs just before the signal disappears from the

detector, and the ex-situ SEM images in Figure 6.9f show that the NW has likely laid

down on the substrate surface. In the inset of Figure 6.4a, a cross-sectional SEM image

at 85° tilted substrate is shown at another growth region on this sample where a NW
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is horizontally lying on the substrate. Although Figure 6.9a,b corresponds to the case

with and without supply of As, one attributes di�erences in the onset of the tilting to

the di�erent properties of the NWs before the procedure was started. Our conclusion

is based on the SEM study of the native oxide sample, where NWs with di�erent diam-

eters coexist. The key importance of the diameter is deduced from the fact that after

the annealing NWs with a larger diameter are still standing upright whereas thin NWs

are mostly fallen down. As shown in Figure 6.4c,d, the observed average diameter of

the wires which are still standing after annealing is 99±36 nm whereas the fallen wires

have an average diameter of only 67±26 nm though again with a signi�cantly smaller

diameter at a certain point near the NW base. In this sample, one can distinguish

the fallen NWs from those which were initially grown tilted according to the following

facts: (i) NWs and crystallites can be clearly distinguished by their shapes and sizes;

(ii) by comparing the length of the fallen NWs after annealing to those NWs formerly

vertically standing, it is concluded that the upright NWs fell down by annealing; (iii)

the orientations of the fallen NWs after the annealing do not follow any crystallographic

orientation, whereas the crystallites, which were present before the annealing, seem to

have particularly preferred orientations, as determined from the low magni�cation SEM

micro-graphs. The latter is applicable also in our other annealing experiments.

In Figure 6.9a, it is also shown that the supply of both Ga and As can reverse the

tilting behavior. While the tilt of the NW increases above 1.5° before the Ga shutter

was opened, it decreases immediately once the gallium shutter was opened and remains

around 0° for the full duration that Ga and As were supplied. Note that the reversal of

the tilt was shown for a NW which did not yet fully lie down on the substrate surface

and likely only occurs upon such an intermediate tilt position.

From the evolution of the tilt angle, the tilt process itself is established. Addi-

tional insight can be gained from analyzing the fwhm of the signal along the DS ring.

Generally, this fwhm has various contributions:

1) Because it is inversely proportional to the diameter of the crystalline structure,

its changes indicate shrinking of the NW in the respective direction. For the inversely

tapered NWs, as shown in Figure 6.2, it is the volume average diameter as de�ned in

equation 5.5.

2) Any variation of lattice plane tilt within the structure a�ects the peak position

of the respective parts and therefore causes a broadening. This is an important factor

in bent NWs, often occurring during core-shell growth [175, 176].

3) Additionally, any change of the peak position during the data acquisition time

also translates into an additional peak broadening.
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Figure 6.9: Time-resolved characteristics of NW1 extracted from the detector images shown in Figures
6.6 and 6.7. Panels a and b show the lattice tilt β during the annealing with and without source supply,
respectively. A vertical line in part a indicates the moment when the Ga shutter was opened in addition
to the constant supply of As. Panel c shows the velocity of falling of the NW deduced from the evolution
of the lattice tilt in panel b. Data points show the actual falling velocity, while the solid line is a guide
to the eye. Panels d and e show the fwhm of the di�raction signal along the DS ring for the equivalent
processes shown in parts a and b. Gaps in the data correspond to moments when realignments were
performed. The axes are broken to highlight the areas were the interesting variations occur. The red
line in part d shows a linear �t for the time interval larger than 65 min, and the purple line in part e
connects the fwhm values at time = 0 and the values extracted from SEM results corresponding to the
end of the experiment as a guide to the eye, suggesting our best guess for contribution #1 discussed
in the text. (f) 0° tilted SEM image of the NW after in-situ experiment: the NW is horizontally lying
on the substrate.

A priori it is not clear which of these e�ects is dominating, but because the NW

sizes are known from ex-situ SEM investigations (Figure 6.1a and Figure 6.9f/6.4a),

one can estimate the volume average diameter and obtain contribution #1 to the fwhm

as 0.11±0.02° (143±26 nm) and 0.25±0.02° (63±5 nm) at the beginning and end of

the experiment, respectively. During the �nal phase of Ga and As supply, the observed

fwhm is trending downwards, indicating that the NW diameter grows. Additionally, a

small increase of the NW length is determined by SEM after the experiment, indicating

that, in addition to the diameter growth, also length growth occurred. Although the

seed particle evaporated during annealing above a temperature of 510±5 °C (see Figure

6.3), it could either have been reformed during the simultaneous supply of gallium and

arsenic or the NW could be growing via a vapor-solid mechanism [29]. The red line in

Figure 6.9d indicates the continuous increase of the diameter and concomitant decrease
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of the fwhm. As discussed above, during the annealing without source supply, the NW

material is continuously evaporating from the side facets, causing the NW to shrink

and accordingly increasing the fwhm, as indicated by the purple line in Figure 6.9e.

The purple line connects the fwhm of values at time=0 min and time≈138 min. Here,
at time=0 min, the fwhm is assigned to that by the end of the experiment in Figure

6.9d, and at time≈138 min, that is assigned to the volume average diameter extracted

from Figure 6.9f. So, in summary, one can state that the red and purple lines in parts

d and e of Figure 6.9, respectively, represent the best guess for contribution #1 and

its variation with time. Accordingly, the average diameter growth during roughly 210

min of growth is estimated to be about 67 nm, while during the full 138 min (94 min

as shown in Figure 6.7 and an additional 44 min) of annealing without source supply,

it decreases from about 170 nm to 63 nm.

As can be seen in Figure 6.9d,e, contribution #1 explains the observations during

the end of Ga and As supply, as well as at the beginning of the annealing without source

supply. However, during the time when the NW is rapidly tilting (Figure 6.9a,b), the

corresponding fwhm is signi�cantly larger (0.25° < fwhm < y2.25°) than the estima-

tion from only the NW thickness, indicating that also other e�ects contribute. The

additional broadening of the di�raction signal could be explained by bending of the

NW according to contribution #2. Although NWs are always found to be straight by

SEM inspection, even after the lie down to the substrate surface, the required amount

of bending could be undetectable by the resolution of the SEM. However, note that a

homogeneous bending along the NW or a bending limited to a small segment of the

NW would lead to distinct peak shapes, which one does not observe. Experimentally, a

symmetric Bragg peak with nearly Gaussian shape is observed. In order to obtain such

a peak shape from bending, an inhomogeneous bending radius would be needed along

the NW. Therefore, only a very special type of bending could explain our observations.

On the other hand, it is obvious that the velocity of falling shown in Figure 6.9c causes

an additional broadening according to the contribution #3, which is also insu�cient to

explain the observed broadening. Given the maximal peak broadening from the NW

diameter and velocity of falling, one would expect a fwhm below 0.33° considering the

integration time of one detector frame. However, after the timestamp 93 min in Figure

6.9e, the observed fwhm is larger than 0.5°. The remaining extra broadening, if not

caused by the sophisticated bending scenario mentioned above, could be also attributed

to the e�ect of thermally excited vibrations. From basic elasticity considerations, it fol-

lows that the thermal energy during annealing is by a factor of 106 larger than the

energy needed to excite the eigenfrequencies. In other words, the eigenfrequency of
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such vibrations is in the megahertz range for the GaAs NWs with the typical sizes of

the NWs in this chapter [170] and would be far beyond the ability of the XRD setup

time resolution. However, such vibrations may cause an additional broadening of the

di�raction signal as a result of contribution #3. Because the presented experiments

cannot unambiguously distinguish the e�ect of static bending or dynamic vibrations,

one could propose to disentangle these phenomena by future optical interferometric in-

vestigations [177]. Looking back to Figure 6.9d, the increase of the peak width during

treatment with As supply can also be interpreted in the same way because the huge

increase of the peak width cannot be explained by a variation of the diameter or falling

speed alone but only by the presence of vibrations/bendings. The vibrations/bendings

are suppressed once the Ga and As shutters are opened.

Therefore, the following processes are likely responsible for the scenario of the

straight NWs lying down to the substrate. Generally, during the annealing, mate-

rial slowly evaporates. Whereas As evaporates into the gas phase, a signi�cant part

of Gallium atoms di�use along the NW side plane, rebind into the surface and di�use

again mainly toward the substrate. Because no gallium droplets were observed after the

annealing procedure in agreement with observations in ref. [138], one could assume that

individual gallium atoms di�use from the NW toward the substrate. It is speculated

that the kink at the connection of the NW with the substrate presents a particular

pinning center for the Ga atoms, and therefore, accumulation might take place at this

position. Because of Ga-assisted etching, an increased removal of material could hap-

pen in proximity to the holes [178]. Considering the small contact plane between NW

bottom and the pre-patterned hole [94] as well as that on the native Si oxide [17], it

is very likely that the material at the contact plane will be consumed fast and �nally

initiates the falling of the remaining NW. In agreement with this explanation, images

after the annealing (Figures 6.2c and 6.9f) show that the NW is the thinnest at the

bottom part. In order to test the hypothesis of Ga accumulation at the NW base, the

author performed an additional experiment, where after the NW growth, Ga deposi-

tion was performed without supply of As (see Figure 6.10). Ga deposition resulted in

signi�cant formation of Ga droplets (Figure 6.10a compared to Figure 6.10b−g). The
results indicate that the Ga droplets can accumulate at the NW side-walls or at the

NW bases (see Figure 6.10d−g), which lead to a visible bending of the NWs in some

cases characterized by SEM, as shown in Figure 6.8a. The strong surface tension of the

Ga droplets can be an explanation for the NW bending. By the annealing procedure

presented in Figure 6.2, which is without Ga deposition, the NW base does not contain

a detectable Ga droplet by SEM inspection (see Figure 6.8b−d). It is also noted that
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Figure 6.10: SEM images at 30° tilted substrate (a) unpatterned native Si substrate; 45 ML of Ga
was deposited initially at a substrate temperature of 590±5 °C. The NW growth was performed by
simultaneous introduction of As and Ga at 2D GaAs growth rate of 40 nm/h and a V/III ratio of 5
at a substrate temperature of 560±5 °C. (b−g) the sample was grown like in (a), but after stabilizing
the background pressure at 1−2Ö10−8 mbar by a waiting time of 30 min at the growth temperature
without material supply, 16 min of Ga deposition at 40 nm/h and 13 min of Ga deposition at 150
nm/h was performed. (b&c), (d&e), (f&g) are di�erent locations at the sample shown in low and
higher magni�cations. The Ga droplet is accumulated at di�erent locations with respect to the NWs.
The scale bar is 1 µm in all panels.
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the type of bending shown in Figure 6.8a is unlikely to result in a symmetric broadened

Bragg peak.

Although calculations show that the bottom part of a NW is hotter compared to

the main NW body, this has been shown to be a minor e�ect according to ref. [179].

Therefore, one could rule out that a variation in temperature along the NW explains

the observation.

During the �nal part of the falling, at which the NW was suggested to vibrate/bend,

it is, in particular, this thinnest point where the biggest strain is induced by the vi-

brations. From elasticity theory, it follows, in analogy to the vibrations of a cantilever

beam, that the highest strain occurs close to the clamping point [180] corresponding

to the NW/substrate interface. Because the strain is changing the local bond length,

which in�uences the bonding energies, it would also enhance the local evaporation rate.

Note that both tensile and compressive strain occurring during the oscillation of the

NW cause such an enhancement because the atomic distances deviate from their equi-

librium. The possible vibrations therefore might enhance the speed of the tilting during

the �nal stage of the falling process. For the thinner NWs, the su�cient Ga etching

is faster due to their size and, on the other hand, the energy needed to vibrate/bend

them is lower; therefore, the strain enhanced evaporation could be activated at lower

thermal energies. Thus, the combination of the described processes results in the NWs

lying down on the substrate surface.

6.5 Conclusion

In this chapter, the stability of epitaxial GaAs NWs under MBE processing conditions

is studied, with and without supply of source material. In particular, it is found that

by annealing below a temperature of 510±5 °C (1 hour) without supply of source

material, no change of the NW morphology can be detected; however, the Ga-rich seed

particles decrease size or vanish. Exposure of the samples to air facilitates evaporation

of the seed particles further. The ex-situ SEM studies showed that when the annealing

temperature is increased to 660±5 °C, the NWs up to about 100 nm diameter fully

evaporate within 1 hour. Interestingly at the intermediate temperature of 610±5 °C,

where the evaporation rate is slower, by both ex-situ SEM investigations as well as

in-situ studies using µXRD, it is shown that the NWs lie down to the substrate surface

before they fully evaporate. That is evident for NWs grown on either pre-patterned

substrates, or for random nucleation and also observed with and without exposure of
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the NWs to air showing that this behavior is intrinsic to various types of GaAs NWs.

It is found that during annealing, the evaporation of PIs is much faster than that of

NWs opening up the possibility of their removal by an aftergrowth step which could be

used in future for the engineering of self-catalyzed NW growth.

The in-situ µXRD studies, furthermore, reveal that, before the wires lie down on

the substrate surface, they vibrate/bend. That is attributed to either NW bending

or thermally excited vibrations that increase upon decreasing thickness caused by the

evaporating material. Because the As partial pressure in�uences the congruent tem-

perature [121], it is also expected to change the evaporation rate. However, by our

in-situ study, we also showed that the phenomenology of the falling behavior, includ-

ing the vibration-induced tilt, is similar without supply of a source material and with

As background pressure. In contrast to that, the tilting process can be reversed, and

vibrations/bendings suppressed when the NWs are exposed to growth conditions, i.e.,

Ga and As molecular beams. This chapter shows the limits of the stability of GaAs

NWs upon annealing close to the growth temperature. Even before evaporation occurs,

the NWs lose their epitaxial relationship to the substrate and lie down on the substrate

surface. To maintain epitaxial up-right NWs, in addition to the evaporation kinetics,

one also has to consider the mechanical stability.

In disentangling the e�ect of tilting and vibrations/bending, we bene�t from the

high angular and su�cient temporal resolution of the µXRD setup, which is able to

resolve also minor tilts below 0.01° and, in our case, was used with around 1 s temporal

resolution. The time resolution can, however, be increased to the millisecond regime

when the highest frame rate of the detector is used [181]. Although similar frame rates

can be achieved with many techniques, the angular resolution is clearly beyond other

commonly used techniques like TEM and electron backscatter di�raction [182]. With

reference to this work, in the future, the use of in-situ XRD might enable understanding

dynamical phenomena of other material systems, e.g., refs. [176, 183, 184].
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Chapter 7

Conclusions and outlooks

�The next-generation optoelectronics devices will

consist of semiconductors, organic molecules, metal

complexes, and biological molecules that are regu-

larly positioned in nanospace.� M.H. Crawford, in
Semiconductors and Semimetals, 2017

Summary and conclusions

In the last two decades, tremendous advancements have been achieved toward the

application of NWs in our daily lives. These advancements are in both fundamental

understandings and engineering aspects. In this work, the author focuses on the synthe-

sis and characterization of GaAs self-catalyzed NWs on Si(111). These nanostructures

are the future building blocks of our (opto)electronic devices. In particular, we aim for

contributing in both engineering and fundamental understanding of GaAs NWs toward

future mass production of the NW arrays in devices.

The author performed a set of NW growth experiments on both native and thermal

Si oxide substrates using an MBE system characterized by SEM. The author demon-

strates technically feasible approaches for engineering of NW growth, addressing size

homogeneity, position-control, and suppression of parasitic growth. On native Si oxide

substrates (∼1 nm thickness), the author �rst could successfully manipulate the NW

sizes and density using available literature. Then a new strategy of growth is pro-

posed, which leads to a uniform size of the NWs and relatively high control on parasitic

growth. The strategy includes Ga pre-deposition with homogeneous sizes, and a conse-

quent growth step from the deposited Ga droplets. It was revealed that by employing

high substrate temperatures and low Ga �uxes, after the Ga positioning, one could con-
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trol the diameter and length distributions down to a standard deviation within 3−6%
of the average values. Moreover, the NW to parasitic island ration increased to above

30. On the Si thermal oxide substrates (> 15 nm thickness), a focused ion beam pat-

terning technique was reported and detailed to achieve high yield of NW growth. It

was revealed that an interplay between ion doses, wet etching, and high-temperature

steps de�ne the quality of growth. In particular, the diameter of the holes turned out

to be the key, which we could widely manipulate and control, leading to above 80 % of

NW growth. Using FIB, we demonstrate a platform to pattern Si substrates for GaAs

self-catalyzed NW growth. FIB patterning can attract signi�cant attention in the fu-

ture because a lithography-free single-step o�ers the patterning. Another advantage is

the fundamental simplicity where a small window of trial and error can e�ciently result

in a high yield of growth. Our results can also be qualitatively considered for other

systems of NW growth to substitute other patterning techniques.

In the next set of experiments, the NWs were in-situ characterized using a micrometer-

sized X-ray beam at a synchrotron source with high illumination. Combining a small

X-ray beam size and controlled NW density led to resolving XRD signal from individual

NWs. Here, we report on our technical achievements in performing this sophisticated ex-

periment for the �rst time. Moreover, fundamental understandings are acquired about

NW behavior and the dynamics under MBE growth conditions.An individual NW is

monitored during the process of growth utilizing µXRD. In particular, the evolution of

the volume, diameter, length, angular misorientation, and the overall polytypic charac-

teristics of a growing NW are resolved. It is revealed that the NW growth includes two

stages. In the �rst stage, the NW grows mainly axially. Here, it is found that the NW

oscillates within 0.1° while it is tilted a few tenths of a degree. In the second stage of

the NW growth, radial growth is dominant. The angular oscillations of the NW stops

and the NW tilts toward the surface normal. Individual NWs and PIs are monitored

by µXRD at the NW growth temperature under di�erent MBE conditions: i) without

source supply, ii) with As supply, iii) with both As and Ga �uxes. Moreover, several

complementary annealing studies were performed on both native and thermal Si oxide

substrates utilizing ex-situ SEM. It was revealed that without the supply of source ma-

terial, at temperatures below 510±5 °C, the GaAs solid surfaces are thermally stable.

However, the Ga particles decrease the size or vanish increasingly by an intermediate

step of exposure to air after growth and before annealing. At temperatures above 660

°C, the GaAs material entirely evaporates within an hour. At a temperature of 610 °C,

taking advantage of the slow dynamics of evaporation, the nano-objects were monitored

for several hours. We evidenced that the NWs become angularly unstable along with
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the evaporation of NW facets. Moreover, by prolongation of annealing time, the NWs

tilt and eventually fall �at on the substrate. That is documented for a range of di�er-

ent growth samples on native or thermal oxide Si substrates, and on samples with or

without an intermediate exposure to air. The XRD data evidenced that the dynamics

of evaporation with As supply were similar to that without supply. Before the NWs fall

down, they vibrate or bend. By supply of both As and Ga �uxes, the vibrations/bendig

can be reversed. Moreover, similar to the �ndings in single NW growth, the NWs tilt

back toward the substrate normal, while the NW facets increase (radial growth).

Outlooks

"The greatest enemy of knowldge is not ignorance,

it is illusion of knowledge.� Stephen Hawkings

The outlooks of this work can be divided into three categories:

1) In this thesis, the �rst successful in-situ monitoring of individual NWs at MBE

growth conditions was performed using µXRD. By the analysis methods we developed

in this thesis, the potential future studies can address dynamical monitoring of volume,

size, structure, and angular misorientation of the overgrown nano-objects on hetero or

homo-epitaxial substrates. This opens up a possible platform for a wide range of future

studies in di�erent material systems.

2) There are a set of experiments which I proposed and performed along with this

thesis. They were either a continuation or interconnectedly relevant to the presented

data, so they were preliminarily analyzed. These results are not included in this thesis,

and some of them were mentioned at the end of Chapter 1.

- Along with the annealing studies in this thesis, the WZ and ZB phase-dependent

evaporation kinetics at the NWs were monitored on a few NW samples. In particular,

the di�erent samples were illuminated by both micrometer-sized and millimeter-sized

X-ray beams within a temperature range of 300 − 660 °C. In this way, XRD RSM

data are resolved from individual NWs and PIs, as well as thousands simultaneously

illuminated nano-objects. The full analysis of the available experimental data would

contribute in the following understandings: i) temperature-dependent evaporation ki-

netics of WZ, ZB, and mixed crystal phases at both NWs and PIs, ii) size-dependent

expansion coe�cients of the NWs and PIs.
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- Along with the several annealing studies in this work, we observed indications of

NW capsulation. In particular, the NWs showed a protective layer of carbon, leading

to suppression of evaporation at high-temperatures (above 660 °C). Such a �nding was

not a part of the initial scope but an interesting side-observation. For chemical analysis

of the surface, energy-dispersive X-ray spectroscopy analysis within SEM and X-ray

photoemission spectroscopy was utilized. The preliminary analysis of data revealed that

carbon species stick to the surface in air and by exposure to SEM. The typical cleaning

procedures could not entirely remove the carbon species, leading to the formation of

carbon layers (likely carbon nano-ribbons) on the surface.

- As a complement to the studied NW processing e�ects, I exposed NW samples to

Ga supply during in-situ µXRD experiments, illuminating individual NWs. Additional

samples were studied by ex-situ SEM and in-situ RHEED. It was revealed that the

NWs which are stable for several hours without Ga supply at high-temperatures, can

fully evaporate within a minute with Ga supply. The full analysis of data can reveal

evaporation kinetics of NWs in the presence of Ga supply (Ga etching dynamics).

- After monitoring the Ga etching of an individual NW, the NW was regrown along

with RSM XRD. The full analysis of the data will represent the second in-situ moni-

toring of an individual NW growth monitored by µXRD.

3) The fundamental understandings, which we developed in this work, can open up

new questions for further investigations. Two examples are as follows.

- It was found that at the initial stages of NW growth, NWs mainly grow axially.

After a time gap, the radial growth starts. It would be interesting to see how this gap

is in�uenced by NW characteristics as well as the growth conditions. That can shed

light on the e�ects of substrate di�usion lengths on the NW growth.

- It was found that the NWs vibrate/bend by annealing after facet shrinkage. Be-

cause the presented experiments cannot unambiguously distinguish the e�ect of static

bending or dynamic vibrations, I would propose to disentangle these phenomena by

future optical interferometric investigations similar to ref. [177].
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