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Abstract

Semiconductor nanowires have properties that make them potentially useful for
applications in future electronic, photovoltaic, and optoelectronic devices. A powerful
nanowire fabrication technique is the use of a nanoparticle as a preferential nucleation
site, from which a nanowire grows. There has been significant progress in nanowire
growth assisted by Au nanoparticles over the past 20 years. However, the high cost of
gold and its incompatibility with silicon are obstacles to the industrial production of
HI-V nanowires. Therefore, significant efforts have been devoted to developing
alternatives to Au-seeded nanowire growth. Although numerous metals and alloys are
available, the development of alternatives to Au has been slow. The metal
nanoparticles must have a high material quality and narrow size distribution, and
their concentration must be controlled to enable precise experiments, and, in the
future, high yields of identical devices.

In the work described in this thesis, a spark discharge generator was used to synthesize
and characterize a wide range of metal nanoparticles: Ag, Au, Bi, Co, Pb, Pd, Pt, Rh,
and Sn, as well as three alloys: AgssAuss, AgAu, and Ag;sAuzs. The nanoparticles were
formed as an aerosol in an inert carrier gas of N, and H, was added to prevent the
oxidation of base metals such as Bi, Co, and Sn. The nanoparticles were then either
deposited on III-V substrates for nanowire growth using metal organic chemical
vapor deposition, or used directly for gas-phase nanowire growth in an Aerotaxy
reactor. The nanoparticle melting temperature is governed by its composition,
primarily controlled by the choice of initial metal and the concentration of the group
III material during nanowire growth. The nanoparticle composition was investigated
after growth using transmission electron microscopy. For Pd-seeded GaAs or InAs a
high group III content was found to be correlated with straight vertical nanowires, in
contrast to kinked curly nanowires. Nearly identical InAs nanowires could be grown
from In-rich Au and Pd nanoparticles, and the transition to curly nanowires could be
triggered by reducing the In concentration. Initiating growth in a stable In-rich
regime might provide a means of using other seed metals, which could reduce the
cost, enable Si compatibility, and potentially add new benefits of the added seed
metal. For example, the growth of GaAs nanowires by Aerotaxy from Au and AgAu
nanoparticles is simple, but when pure Ag nanoparticles were used the nanowires
developed kinks at an early stage of growth, possibly due to the higher melting point.
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Populirvetenskaplig sammanfattning

Nanotridar 4r sma strukturer med stor potential, som man hoppas kan revolutionera
komponenter som finns i vira datorer, lysdioder och solceller. Till exempel, arbetar
ett spin-off foretag fran Lunds Universitet “Sol Voltaics” pé kostnadseffektiva solceller
baserade pd nanotridar som gentemot konventionella solceller kan 6ka effektiviteten
med 50 %. Det vanligaste sittet att tillverka nanotridar dr genom att vixa dem fran
guldnanopartiklar. Guld ir dock ett sirskilt oldimpligt material nir det integreras med
kiselbaserad elektronik da det forstor de elektriska egenskaperna hos kislet. For att
underlitta en kommersiell uppskalning av nanotridsbaserade komponenter ir det
dirfor starke motiverat att ta fram alternativ till guld. For att uppna detta, har jag,
vilket beskrivs i den hir avhandlingen, utvecklat framstillningen av nanopartiklar,
speciellt fér oddla metaller som ldct oxiderar. Nanopartiklarna har sedan anvints for
att studera hur nanopartikelns komposition paverkar faktorer som vixthastighet,
vixtriktning och form hos nanotraden.

Nanopartiklar

Nanopartiklar finns 6verallt i vir omgivning men de 4r for sma att se med blotta gat.
Oftast di& man pratar om nanopartiklar syftar man dll olika strukturer med en
diameter frin en nanometer (10” meter) upp till tusen nanometer. Nanopartiklar kan
ha olika form, och inkluderar dven avlinga fibrer likt de nanotridar som skapas i
denna avhandling. P4 grund av dess lag vikt kan nanopartiklar sviva i luften och blir
enkelt luftburna. En gas med luftburna partiklar kallas for en aerosol och produceras
dagligen i naturen frin exempelvis skogar, oken, hav och vulkaner. Aerosoler
reflekterar tillbaka en del av solens ljus, vilket bidrar till att kyla ner jorden. Dessutom
dr aerosoler nodvindiga for att skapa moln och regn, som bildas di vatteninga
kondenserar pa partiklarna. Utover naturliga aerosoler finns det Zven
minniskoskapade aerosoler som skapas oavsikdligt di vi exempelvis lagar mat, tinder
ljus, kor bil eller bara genom att réra oss.

Utdver oavsiktligt genererade aerosoler finns det dven avsiktligt genererade aerosoler,
sa kallade designade nanopartiklar. Designade nanopartiklar har skriddarsydda
egenskaper for olika applikationer eller produkter. Vilka egenskaper de har bestims
till stor del utav dess storlek, kemiska sammansittning och kristallstruktur. Manga
typer av material dr kristallina, vilket betyder att de bestdr av atomer som ir
positionerade i ett vildefinierat monster.
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I Figur 1a) visas en 3D modell av en guldpartikel som bestar av cirka 30 000 atomer.
Kiristaller formar vanligtvis facetter, som ir kristallografiska plan av atomer ordnade i
ett specifikt monster. Tre olika typer av facetter visas i Figur 1a) som firgade ytor, och
kan ses ha olika ménster av atomer. Ar kristallen inte orienterad gentemot ett plan
overlappar atomerna varandra, och det dr svirt atc urskilja hur atomerna ir
positionerade, (Figur 1b).

< 8nm )

Figur 1. a) 3D modell av kristallin nanopartikel av guld med tre olika ytor (facetter). Ytorna markerade i
rott, gront och blitt och har olika ménster av atomer. b) Kristallen bestir av cirka 30 000 atomer i ett
regelbundet ménster.

Genom att rotera partikeln sd att den avbildas vinkelrdtt mot exempelvis, en rod yta
(Figur 2a) hamnar atomerna i led och ett periodiskt monster av atomer syns,
(Figur 2b). Ordningen i monstret kan anvindas f6r att bestimma materialets
kristallstrukeur, som skiljer sig mellan material.
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Figur 2. Kristallen dr nu orienterad vinkelritt mot en rod facett, och de tre firgade facetter ses ha olika
monster av atomerna. b) Atomerna ir positionerade i led och didrmed syns mellanrum i kristallen och ett
2D ménster som kan anvindas for att bestimma periodiciteten i 3D (kristallstrukturen).

Nanopartiklar dr fér sméd for ate urskiljas i ett konventionellt ljusmikroskop och
istillet anvinds olika typer av elektronmikroskop. I ett elektronmikroskop accelereras
elektroner till héga hastigheter och firdas genom vakuum mot provet. Elektronerna
styrs med hjilp av elektromagnetiska linser som béjer av elektronerna och paverkar
deras vig for att skapa en elektronstrile som belyser provet. Beroende pa vilken typ av
elektronmikroskopi som anvinds, kan exempelvis provets ytor eller inre strukeur
undersokas. I denna avhandling har tva olika typer av elektronmikroskopi anvints,
svepelektronmikroskopi (SEM) och transmissionselektronmikroskopi (TEM).

Med SEM, fokuseras elektronstrilen till en liten punkt som tringer djupt in i provet.
De inkommande elektronerna har hog energi och interagerar med provet pé olika vis,
vilket resulterar i att bland annat rontgenstralning och svagt bundna elektroner bryter
sig loss. Elektroner som bryter sig loss nira provets yta samlas in av en
elektrondetektor med hjilp av ett elektriske filt som likt en dammsugare samlar in
elektronerna. Antalet detekterade elektroner per belyst punkt motsvarar ljusstyrkan
hos en pixel i en bild. Elektronstralen sveper sedan hastigt 6ver provet och bygger upp
en bild av provet pixel efter pixel. SEM anvinds for att undersoka formen och
storleken hos de producerade nanopartiklarna och nanotridarna. I Figur 3, visas
exempelbilder tagna med SEM av a) nanopartiklar och b-d) nanotridar.
Nanopartiklarna 4r cirka 40-50 nm i diameter, och nanotridarna ir cirka 1000-
2000 nm langa.
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1000 nm

Figur 3. SEM bilder av olika typer av nanostrukcurer pé ett substrat. a) nanopartiklar av Pd med en
diameter p& 40 nm. Nanotradar som b) ligger ned och c—d) star upp pa ett substrat.

Aven for TEM, skapas det rontgenstrilning i provet efter att elektronstrilen
interagerar med provet. Energin pa rontgenstrilningen ir Zmnesspecifik, och anvinds
for att bestimma vilka grundimnen provet bestar av. TEM anvinds dirfor ofta for att
undersdka den kemiska sammansittningen och kristallina strukturen hos de
producerade nanopartiklarna och nanotridarna. Nanopartiklar eller nanotridar
overfors till en speciell provhéllare som kallas en TEM grid.

For TEM ir det viktigt att provet ir vildigt tunt (girna mindre an 50 nm) for att
elektronerna ska ta sig igenom provet och bidra till en hégupplost TEM bild. Da
elektronerna tar sig igenom provet gar det att skapa en bild, genom att fokusera de
transmitterade elektronerna med elektronlinser. Ett modernt TEM har en upplésning
bittre 4n 0,2 nm och kan urskilja det periodiska monstret hos atomer i en kristall. I
Figur 4a), visas en SEM bild av en TEM grid som bestir av en koppardisk med ett
fint rutnit. Varje ruta ir cirka 0,15 mm i diameter, och ir delvis tickt av en tunn
kolfilm, (Figur 4b). Kolfilmen ir typiskt transparent for elektronstrilen och proverna
sitter fast pa kolfilmen, (Figur 4c).

TEM grid
med kopparnat Halrum
med kolfilm

Figur 4. SEM bild av en a) TEM grid, vars kopparnit har hdlrum med en diameter pé cirka 0,150 mm.
b) I ett hilrum finns det en transparant ¢) nanometertjock kolfilm som haller upp provet, t.ex.
nanotradar (schematiskt illustrerade).



I mitt arbete har jag skapat olika typer av enkristallina nanopartiklar med en diameter
pa 5-50 nm. Nanopartiklarna har producerats som en aerosol med en gnistgenerator,
(Figur 5a). I gnistgenerator sker en hogfrekvent elektrisk urladdning mellan tvd
elektroder, som foringar elektroderna for att skapa nanopartiklar. Nanopartiklarna
fortsitter att vixa genom att kollidera med varandra och fortsatt kondensering. Da
nanopartiklarna blir storre dn cirka 5 nm i diameter 4r de inte lingre sfiriska utan
skapar istillet kluster av nanopartiklar som kallas aggregat, (Figur 5b). Aggregaten
kompakteras till rundare nanopartiklar genom uppvirmning av aerosolen, (Figur 5c¢),
och skapar enkristallina nanopartiklar, (Figur 5d).

a) Kvavgas

Elektrod Gnista

Kluster av nanopartiklar
(aggregat)

o".o C)

MY ¥ Iz Kompakterad

nanopartikel

Figur 5.a) Nir en gnista slis mellan tva elekeroder férangas elektroderna och skapar nanopartiklar. Da
det 4r médnga nanopartiklar kolliderar de och bildar b) kluster av nanopartiklar (aggregat) som vid
uppvirmning kan kompaktera till ¢) mer runda och vildefinierade nanopartiklar. d) Periodiskt ménster
av atomer i nanopartikeln.

Beroende pa hur fria nanopartiklarna 4r fran fororeningar, vad de har for
smilttemperatur och vid vilken temperatur de virms sd kompakterar de olika mycket.
Jag har visat att en lig koncentration av vitgas utspadd i kvivgas ir tillrickligt for att
forhindra att material som vismut, tenn och kobolt oxiderar. Tidigare, har man
forsoke ta bort oxiden i efterhand men det har visat sig vara bide mer komplicerat och
mindre effektivt.

X1



IIT-V nanotradar

Vissa grunddmnen fran grupp III och V i periodiska systemet skapar tillsammans I1I-
V halvledare. En halvledare ir ett material som med extern paverkan kan byta mellan
att vara en ledare eller isolator. Med III-V halvledare kan betydligt snabbare och
effektivare lysdioder, solceller och elektronik skapas 4n vad som 4r mojligt med kisel
som utgdr grunden for dagens elektronik. Till skillnad fran kisel, 4r det dock bade
svart och dyrt att skapa stora enkristallina III-V kristaller vilket ar en nédvindighet
for manga applikationer. Med en nanotridsgeometri kan mingden III-V material i
manga fall minskas. Till exempel, for solcellapplikationer har det visat sig ricka att
cirka en tiondel av ytan dr tickt med nanotridar, d& nanotrdarna likt antenner
effektivt fangar in solljuset. Solljus bestir av ett brett spektrum av véglingder, och en
konventionell solcell bestir bara av ett halvledarmaterial som absorberar en viss del av
solens spektrum. Genom att anvidnda kombinationer av olika halvledare kan
komplementira delar av solens spektrum absorberas, for att pa sa vis oka solcellens
effektivitet. Dessvirre dr sidana solceller i dagsliget si pass dyra att de bara anvinds i
nischade solceller f6r exempelvis rymdapplikationer.

En vanlig metod att skapa halvledarkristaller 4r med epitaxi, som kommer frin
grekiska orden epi och raxis som betyder ovan och ordning. Epitaxiell vixt syftar till
att ett nytt atomlager placeras med hinsyn till det underliggande atomlagret.
Halvledare med samma kristallstruktur kan dock ha olika avstind mellan atomerna,
vilket orsakar problem vid epitaxiell vixt da kristallerna beh6ver expanderas och
komprimeras for att skapa en gemensam grinsyta. Detta orsakar inre spanningar i de
tvd kristallerna som eventuellt skapar odnskade avvikelser i kristallstrukturen.
Nanotradar hanterar inre spinningar bittre dn traditionell 2D epitaxiell vixt och
mojliggor dirmed fler kombinationer av ITI-V material.

I denna avhandling, har nanotradar av indiumarsenid och galliumarsenid vixts med
hjilp av olika metallpartiklar. Indium och gallium 4r exempel pd grupp III Zmnen och
arsenik ett grupp V dmne. De tvd vixtmetoderna som anvints ir epitaxi och aerotaxi.

Vid epitaxiell vixt, placeras nanopartiklar pa ett substrat som vid uppvirmning och
ett tillfléde av grupp III material legerar tillsammans, (Figur 6a). Direfter tillfors dven
grupp V material och partikeln bygger upp nanotriden ett atomlager at gangen.
Genom att dndra pd tillférseln av de olika materialen kan den kemiska
sammansittningen pa nanopartikeln och nanotraden férindras.
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a) Epitaxi b) Aerotaxi .

g

Tid > >
Fast metall &% Grupp lll material Il 1V halvledare
Flytande metall s  Grupp V material Il Substrat

O Overmattad metall

Figur 6. Nanotrédar av III-V halvledarmaterial kan skapas fran metallnanopartiklar. a) Epitaxiell viixt
innebir att nanotrddarna har vixt frin ett substrat med liknande kristallstruktur som nanotraden.
Nanopartikeln absorberar III-V material fran en tillférd gas, blir 6vermittad och kristalliserar III-V
material. b) I aerotaxi anvinds inget substrat utan nanotridar vixer direkt frin acrosolnanopartiklar.

Nir man vixer nanotriddar med aerotaxi behdvs inget substrat, (Figur 6b). Istillet
anvinds aerosolnanopartiklar som direke i ett gasfldde virms upp och dir dven grupp
III och V material tillsdtts. D4 detta inte kriver nagot substrat, kan nya nanotridar
skapas kontinuerligt i ett gasfldde ddr nya nanopartiklar och III-V material tillf6rs.
Typiska nanotridsvixthastigheter dr 0,1-10 nm per sekund for epitaxi, och 100-
10 000 nm per sekund for aerotaxi. I dagsliget producerar en aerotaxi-
forskningsreaktor cirka 1 miljard nanotridar i minuten, medan en pilotreaktor
producerar cirka 100 miljarder nanotridar i minuten. En fortsatt 6kad
produktionshastighet 4r nédvindig di det for en optimal solcell behdvs cirka
5 000 miljarder nanotrddar per m®.

Nir nanopartikeln legerar med grupp III amnen som gallium eller indium, sinks dess
smilttemperatur avsevirt och nanopartikeln kan bli flytande under nanotradsvixt. I
Figur 7a), visas smilttemperaturen f6r guld legerat med indium, vars smilttemperatur
drastiskt sjunker frin 1064 till 156 °C beroende pi koncentrationen indium. Andra
metaller, som palladium, visar inte en lika drastisk sinkning, utan kriver hogre
temperaturer eller hogre grupp III koncentration for att bli flytande vid
nanotradsvixt, (Figur 7b). Nanotradsvixt frin fasta partiklar har visat sig vara svarare
att hantera och dirfor dr det av intresse att styra huruvida partikeln ir flytande eller
fast.
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a) Guld-Indium b) Palladium-Indium
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Figur 7. Smalttemperatur f6r a) guld-indiumlegering och b) palladium-indiumlegering. Temperaturer
ovanfér linjen motsvarar en flytande legering och temperaturer under bestar av en eller flera fasta faser.

Genom att kontrollera grupp III koncentrationen, gar det dirmed att styra huruvida
partikeln ska vara flytande eller fast vid en viss temperatur. Nanopartiklar med for lig
indiumkoncentration férvintas vara fasta under nanotridsvixten och ger ofta
okontrollerad nanotridsvixt, som i Figur 8a). Nanopartiklar med en hog
indiumkoncentration ir mer benigna att vara flytande under nanotradsvixten, och
skapar oftast raka mer kontrollerade nanotridar, som exemplet i Figur 8b).

a) Fast

5 B b) Flytande
nanopartikel .

nanopartikel

— 4 |
Lag indiumkoncentration Hog indiumkoncentration

Figur 8. Schematisk ritning av a) okontrollerad nanotrddsvixt frén en fast nanopartikel, p.g.a. lig
indiumkoncentration, och kontrollerad nanotradsvixt frin en flytande nanopartikel, p.g.a. hég
indiumkoncentration. Exempel pa de tvi typerna av nanotradar visas i SEM bilderna bredvid.

I min forskning visar det sig att palladium och guldpartiklar med en hog
indiumkoncentration ger nidrmast identiska vilkontrollerade nanotradar. Genom att
gradvis dndra indiumkoncentrationen férindras nanopartikelns smilttemperatur och
nir indiumkoncentration sinks under ett kritiske virde, blir nanotradsvixten ostabil.
Genom att undersoka kompositionen med TEM, pévisade vi att detta sannolikt 4r pd
grund av att nanopartikeln dvergar fran flytande till fast fas.
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Som legering med indium, tenderar andra metaller att ha en smilttemperatur mellan
det hos palladium och guldlegeringen. Dirmed forvintas det att indiumrika
nanopartiklar kan vara av stor nytta dven for andra metaller och méjliggéra fler val av
material hos nanopartikeln. Di fler materialkombinationer blir tllgingliga minskar
beroendet av guld, och billigare alternativ som ir forenliga med kiselteknologin blir
tillgingliga. I framtiden hoppas jag att valet av nanopartikelmaterial blir lika sjalvklart
som valet av halvledare i nanotriden, det vill siga, att det bestims efter den tinkta
applikationen.
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1. Introduction

Most of today’s electronic and photovoltaic devices are based on the semiconductor
material Si. Compound semiconductors of group III and V elements constitute the
[I-V family of semiconductors, which provide superior material properties to Si.
However, III-V semiconductors are more difficult and expensive than Si to fabricate
with conventional methods. To reduce the production cost and increase the crystal
quality of III-V semiconductors, they can be grown as small nanocrystals or
nanowires. Nanowires can be grown from a nanoparticle (seed) using a method called
particle-assisted growth (PAG), which selectively increases the growth rate between
the nanoparticle and the substrate to form high-aspect-ratio nanowires. Au is by far
the most commonly used metal seed since it has been shown to seed nanowires of
various III-V semiconductors. However, Au is not only a very expensive metal, but it
is unsuitable for Si-based devices, as it easily diffuses and causes deterioration of the
electronic properties of the device'. Therefore, if PAG is to be used to produce III-V
semiconductors that is directly integrated with conventional Si technology, alternative
metal nanoparticles must be found.

Extensive research has been carried out on III-V nanowire growth using different
seed metals’ including: Ag*>”’, Bi'%, Cu''"?, Fe!’, Mn">'¢, Ni'"*, Pd"*%, and Sn**%.
However, nanowire growth using these metals as seeds appears to be significantly
more challenging than nanowire growth from Au seeds. The reason for the apparent
superiority of Au is not entirely clear, but its low melting point when alloyed with
group III elements is a probable explanation. In addition, other metals are more easily
contaminated during nanoparticle fabrication, processing and transport, as they are
not as inert as Au. To develop alternative metals, it is therefore important to study
their ability to form alloys with group III metals and to take precautions to prevent
contamination and oxidation.

In the work described in this thesis, a spark discharge generator (SDG) was used to
generate nanoparticles of various metals: Ag, Au, Bi, Co, Pb, Pd, Pt, Rh, and Sn.
These nanoparticles were then used to study the effect of the seed particle composi-
tion on nanowire growth. Unfortunately, non-noble metals may partially oxidize,
even at very low oxygen concentrations, and a study was therefore carried out into
ways of preventing nanoparticle oxidation to improve the nanoparticle quality
(Paper I). In the studies presented in Papers II and III, GaAs and InAs nanowires



(two III-V semiconductors) were grown from Au and Pd metal nanoparticles. Pd has
a much higher melting point than Au, and is probably a solid during nanowire
growth, unless alloyed with considerably group III concentrations. A method of
lowering the melting point of an arbitrary seed metal was developed to improve
nanowire morphology and obtain a well-defined nanowire growth direction.

An often-neglected alternative is to use alloy nanoparticles to provide even greater
freedom in the nanoparticle melting temperature®®. The SDG was used to generate
size-selected Ag and Au seed particles, and three alloys: AgrsAus, AgAu, and
AgisAuzs, and nanowire growth from the Ag, Au and AgAu alloy nanoparticles was
compared. The nanowires were grown in a gas phase in an Aerotaxy reactor, which
allows the high-volume production of low-cost III-V nanowires.

Nanotechnology

Nanotechnology refers to the manipulation of matter on the nanometer scale, where
the material properties become size-dependent. Exactly when the material properties
change depends on the materials and their properties, but dimensions of 1 to 100 nm
are often referred to as the nano-scale. Nanotechnology is an interdisciplinary field in
physics, chemistry, biology, medicine, and engineering. Nanotechnology can be used
in many applications including, among others: disease diagnostics®, drug delivery®**,
water purification®, batteries”®, photovoltaics®’, electronics”, self-cleaning

hydrophobic surfaces** 4% and antibacterial agents®.

, catalysis

Technology acceptance

For a technology to be accepted by the public, the perceived benefits must outweigh
the perceived risks. Genetic modification, pesticides, and human genetic engineering
promise great benefits, but the risks are regarded by many as unacceptable, which may
limit their further development”. In contrast, other technologies, such as solar power,
vaccination and light-emitting diodes (LEDs) are widely accepted. It is therefore
important to bear the risks in mind, otherwise the future of nanotechnology may be
jeopardized. Studies should therefore be carried out on the toxicity of nanomaterials®,
exposure pathways ** and life-cycle analysis™.



Top-down or bottom-up

Nanoscale devices can be fabricated using either a top-down or bottom-up approach.
Top-down techniques selectively remove parts of a bulk material to create
nanostructures. This process can be highly controlled, but the composition of the
nanostructure is ultimately limited by the bulk material. In the bottom-up approach,
used in the present work, nanostructures are instead grown by the self-assembly of
atoms, molecules or nanoparticles into specific structures. Once the process has been
understood and optimized, this enables atomic-layer precision in the shape and
composition of the nanostructure, and the production of high numbers of complex
structures not available in bulk materials.

Nanoparticles

Nanoparticles constitute an important subgroup of nanomaterials, and the
g
production of nanoparticles was one of the first nanotechnologies. Nanoparticles of
Ag and Au have long been used to produce stained glass to decorate churches and
) g 2
glassware. The absorption spectrum of a nanoparticle is size-dependent due to surface
plasmons, resulting in red colored glass for 3 to 30 nm Au nanoparticles’'.

Traditional methods of producing metal nanoparticles are chemical processing,
mechanical milling or physical processing. A widely used chemical method is to
reduce metal salts in aqueous or oil solutions to form colloidal nanoparticles’”, and
provides excellent size control and high production rates™. However, costly and time-
consuming post-synthesis steps are usually required to remove by-products and other
contaminants’’. Mechanical milling is a simple method of dividing a bulk sample into
smaller particles, down to the scale of nanocrystals and/or nanoparticles. However,
agglomeration and contamination pose serious problems because of the long milling
times associated with nanoparticle production®.

In the present work, nanoparticles were produced using physical processes, which are
usually cleaner, but more expensive, than the above-mentioned methods. Common
physical methods are thermal evaporation®, and ablation by a laser® or spark
discharge’” in an inert gas, followed by condensation of the nanoparticles. No
chemicals are involved, and if the nanoparticles are produced at moderate
concentrations in an inert carrier gas, both contamination and agglomeration are
avoided.



IT1I-V Semiconductor nanowires

Bandgap

Electrons in a material can only occupy certain energy levels, which, in bulk materials,
form bands of continuous energy levels. The highest band occupied by electrons (at
absolute zero) is known as the valence band, and is separated from the conduction
band by a bandgap. For a material to conduct, electrons must escape the valence band
and reach the conduction band.

Materials are divided into three different categories according to their bandgap:
metals, semiconductors, and insulators. Metals have a zero or negligible bandgap and
conduct electricity well, whereas insulators have a large bandgap and conduct
electricity poorly. A semiconductor has a conductivity between that of a metal and an
insulator but, more importantly, its conductivity can be altered dramatically by the
introduction of impurities and electrostatic fields. Devices can be designed for specific
technological applications by controlling the impurity concentration and coupling the
semiconductor to metals and insulators.

ITT-V Semiconductors

A TII-V semiconductor consists of equal parts of group III elements (Al, Ga, In) and
group V elements (N, As, P, Sb). Although expensive, III-V semiconductor are used
in many applications such as smart phones, base stations for cellular telephony,
fiberoptics, wireless networks, satellite communications, radar, radio astronomy, and
defense systems™®. In addition, ITII-V semiconductors can be used to fabricate much
faster and more power-efficient transistors than traditional Si-based metal-oxide
semiconductor transistors’*®. Since I[I-V semiconductors are much more expensive
than Si, III-V-based devices are unlikely to completely replace Si, but will likely be
used to complement existing Si technology. This can be done by growing a III-V
semiconductor on top of Si. Unfortunately, Si and III-V crystals do not match
perfectly, and the interface between a Si substrate and a III-V layer is therefore
strained laterally. If the mismatch is too great, or the III-V layer is too thick, the layer
will relax, and dislocations will form, which are detrimental to the performance of the
device®'.



Nanowires

Nanowires are high-aspect-ratio nanostructures, typically with a diameter in the range
10 to 200 nm, that are constrained in two dimensions. Due to their small diameter,
the lateral strain in a nanowire can be relaxed elastically without the formation of
undesired defects®*®. Therefore, it is possible to grow defect-free III-V nanowires on
lattice-mismatched substrates®*®, and to form additional axial heterostructures along
the direction of nanowire growth®.

A nanowire can be grown by either suppression or enhancement of the crystal growth
rate in selected directions at selected interfaces. In the present work, PAG was used to
increase the growth rate at the crystal-particle interface compared to the growth rate
at the substrate or nanowire sidewalls (Figure 1.1a and b). Growth in the radial
direction can be prevented or reversed by using an etchant such as HBr*” or HCI**°.
An alternative to PAG, is selective-area epitaxy, which uses a patterned oxide mask to
define the initial growth-interface’’”? (Figure 1.1c and d). An ideal mask prevents
crystal growth everywhere except in the holes, and with optimized growth conditions
radial growth above the mask is limited (but not fully). Temple-assisted selective area
epitaxy’*”, uses a very thick mask to confine the nanowires inside hollow tubes, and
fully prevents radial growth, Figure 1.1e).

a) b) ) d) e)
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Figure 1.1. Schematlcs illustrating patterned PAG: a) top view and b) side view; selective-area epitaxy: c)
top view and d) side view. ¢) Side view of template-assisted selective-area epitaxy.

Nanowire-based solar cells

The solar cells with the best efficiency are III-V multi-junction solar cells, which
consist of several semiconductors with complementary bandgaps. The bandgap is
directly related to the wavelength of the light that a semiconductor absorbs, and solar
cell efficiency is increased by absorbing a larger proportion of the solar spectrum. The
current efficiency record for a multi-junction solar cell under one sun illumination is
38.8%, but an efficiency of 46% has been demonstrated by condensing the light to an
intensity of 508 suns’®. This is almost twice the efficiency of the best Si-based solar
cell, which has an efficiency of 24.4% at 1 sun, or 26.7% at 92 suns. This should be
compared with the efficiency of a commercial Si-based solar cell of 17% under
illumination of 1 sun. However, due to their high cost, III-V-based solar cells are
currently limited to price-insensitive applications such as aerospace applications.



The cost of III-V multi-junction solar cells could be significantly reduced by using
nanowire-based solar cells. Nanowires can act as waveguides to efficiently trap the
incoming light””. Therefore, the nanowires can be sparsely spaced, reducing the
amount of material required’”®. Nanowires can also be grown directly in the gas phase
with Aerotaxy”, eliminating the need for expensive substrates. The reported efficiency
of a single-junction nanowire-based solar cell is still low: 13.8% for GaP’®, 15.3% for
GaAs™ and 11.4% for a tandem cell with GaAs nanowires on Si®, but the efficiency
is expected to improve with better device processing,.

Disposition of this thesis

The next chapter, Chapter 2, provides some background information on how crystal-
line phases consist of ordered atoms and how their crystal structure can be
characterized. The focus is on cubic crystals since they occurred most often in the
present work. The crystal structures were identified using high-resolution
transmission electron microscopy and the basic theory and method are explained.
Finally, compositional analysis with energy dispersive X-ray spectroscopy is briefly
explained.

Chapter 3 provides a background information on how thermodynamics governs the
stability of phases, and how metastable phases strive to become stable. Capillary
effects that modify the thermodynamic equilibrium of small systems are explained. In
the present work, nanoparticles and nanowires were both grown by the condensation
of a vapor and nucleation of a solid phase. The barrier for nucleation and an
expression for the nucleation rate are given for the simple cases of nucleation in a gas
phase and on pre-existing surfaces.

The aerosol system used in the present work is described in Chapter 4 as a sequence
of three steps: generation, processing, and collection. Some unpublished results on the
production rate of nanoparticles, electrode erosion, the size resolution of the
equipment, compaction behavior of metal nanoparticles and unintentional
evaporation of nanoparticles during compaction are also given. This chapter also
highlights some of the results given in Paper I, namely that the generation of
unoxidized and partially oxidized Bi nanoparticles depends on the H, concentration
used when the nanoparticles are generated. Finally, a brief description of the
production of AgAu alloy nanoparticles is also given.

The mechanism behind PAG is described in Chapter 5. The aim here is to provide a
rudimentary understanding of the steps involved, from precursor to the completed
nanowire.



Chapter 6 presents the experimental setup and some history concerning the two
nanowire growth methods, metal organic vapor phase epitaxy (MOVPE) and
Aerotaxy. Examples from the studies described in Papers II and III are highlighted to
show how the nanoparticles and nanowires are developed.

The particle phase during nanowire growth is not as simple to determine as one
might first believe. Chapter 7 discusses some of the reasons why this is the case, such
as the uncertainty in the composition and temperature, combined with the fact that a
typical phase diagram does not apply to nano-scale systems, nor systems that are not
in thermodynamic equilibrium. Nanowires with different morphologies are
presented, and some of the difficulties encountered in PAG when using alternative
seed metals are illustrated. Three nanowire morphologies resulting from the study
described in Paper II, defined as curly, inclined, and vertical, are presented, and it is
argued that the curly nanowires were the result of uncontrolled growth from solid
nanoparticles. A new growth method, called group Ill-rich PAG, was developed and
demonstrated, allowing even high-melting-point metals such as Pd to be liquid at low
growth temperatures. This is described in Paper III, and some of the results are
highlighted in this chapter. Finally, the chapter ends with a discussion on how the
cost of the seed metal in Aerotaxy can be reduced. Unpublished results show that
AgAu-seeded GaAs nanowires work almost as well as Au-seeded GaAs.

In the final chapter, the main conclusions are presented together with suggestions for
future research on PAG using alternative metals






2. Crystals and their

characterization

The metal nanoparticles and III-V semiconductor nanowires fabricated in the present
work were formed through the condensation of a vapor and nucleation of a solid
crystal. A crystal consists of atoms or ions that are arranged in a regular repetitive
pattern in three dimensions. Crystalline materials are often polycrystalline and consist
of many crystallites (tiny crystals) oriented in different directions. However, with a
controlled synthesis method it is possible to grow single crystals that are very useful in
many electronic and optical applications. In order to be able to control the material
properties, it is important to characterize the crystal structure and composition. In
this chapter, the fundamentals of cubic crystals and the use of transmission electron
microscopy for characterization are introduced.

Crystal lattice

A crystal lattice consists of a collection of lattice points arranged in a periodic pattern
such that the surroundings of each lattice point are identical. In materials science,
lattice points describe the arrangement of atoms or ions in a crystalline solid. In a
Bravais lattice, any lattice point at a position 7 can be described by the combination

of the three lattice vectors ay, a,, and az, and a set of integers h, k, and [, known as
Miller indices.

r =ha, + ka, + las

Each lattice point is associated with one or more atoms that form the basis of the
lattice. In this work, two cubic crystals are common, the face-centered-cubic (fcc) and
zincblende (ZB) crystal structures. Both crystal structures share the fec lattice, but ZB
consists of two different atoms, and has a basis of two instead of one. Crystals with
the same crystal structure can have different lattice constants, which means that the
interatomic distances differ.



The unit cell of fcc-Au has 8 atoms, one on each corner, and 6 atoms centered on
each face (Figure 2.1a). Since the unit cell crosses the center of each atom, only a
fraction of each atom is within the unit cell, four complete atoms being in each unit
cell. The width of the cube is defined as the lattice constant (a,), and with an atom
placed at the origin, the cube edges define the lattice vectors ay, a,, and az. For a
cubic system, the lattice vectors are orthogonal and of equal length. For non-cubic
systems, the lattice vectors can have different lengths and oblique angles.

The Miller indices can be used to describe points hkl, specific crystallographic planes
(hkl) and specific directions [hkl] according to the lattice vectors. The Miller indices

of a plane are defined as the inverse intercepts along the lattice vectors, or equivalently
az
k
By convention, hkl is rescaled to the smallest integer, and negative numbers are
written as bars above the number, hence a plane that intercepts the two axes at:

0.5a,, —1a,, but never intercepts as is denoted (210).

. . a a .
(hkl) denotes a plane that intercepts the three points 71, , and 73 at some point.

[‘60]

_ .

ffo0] Bracket notation

[070] [] : specific direction
— <> : family of directions
() : specific plane
{} : family of planes
Y
[010]
[001]
(001)
100, [010] [001] [001]

Figure 2.1. a) Unit cell of fcc-Au with lattice constant ap. The bracket notation used to describe specific
planes and directions, and their families, corresponding to all equivalent permutations is summarized.
3D visualization of crystal structures was performed with the software Visualization for Electronic and
Structural Analysis.

The notation (100) describes an infinite number of equivalent planes (not to be
confused with a family of planes) displaced along the normal of the plane
(Figure 2.1b). In cubic systems, the normal to the plane (hkl) is described by the
direction [hkl]. Crystals are highly symmetric, therefore other bracket notations are
used to describe a family of directions < hkl > or a family of planes {hkl}. For

10



example, {100} refers to any or all of the six faces of the unit cell in Figure 2.1:
(100), (010), (001), (100), (010), (001) and have the normals < 100 >.

D-spacing

The spacing between (hkl) planes is known as its d-spacing (dpx;), which, for a
cubic system, is given by the following expression.

ay

Ayt = ——————
MR k2 A 2

It is directly apparent from the expression above that the highest values of dpy; are
found for the low-index planes, and that the difference in dpy,; is very small for high-
index planes. Therefore, for crystal structure identification it is necessary to compare
measured d-spacings with low-index dpy; values of probable crystals. If higher order
indices are used the values of dpy; are indistinguishable. A summary of the
geometrical relationship and d-spacings for common fcc and ZB structures is given in

Table 1.

Table I. The largest d-spacings of crystallographic planes for: ZB-InAs, ZB-GaAs, fcc-Ag, fcc-Au, and
fee-Pd. Not all planes are visible with diffraction-based techniques (as explained in the next section).

aq Ay (A) Visible
{hkl} 1. reflection

hkl InAs GaAs Ag Au Pd
{100} 1 6.04 5.65 4.09 4.07 3.99 No
{110} NG} 4.28 4.00 2.89 2.88 2.82 No
{111} NE3 3.48 3.26 2.36 2.35 2.30 Yes
{200} 2 3.02 2.83 2.04 2.04 2.00 Yes
{112} NG 2.47 2.31 1.67 1.66 1.63 No
{220} 2v2 2.13 2.00 1.44 1.44 1.41 Yes

Zone axes

Transmission electron microscopy (TEM) can be used to resolve the periodic
arrangement of lattice planes in a crystal. To achieve this, the incident electron beam
is aligned with a zone axis < uvw > of the crystal, by rotating the crystal.
Figure 2.2a) shows a 3D model of an fcc-Au crystal along the [011] zone axis. Each
atom in the image consists of a stack of atoms perpendicular to the zone axis (viewing
direction), and different crystallographic planes can be visualized by connecting atoms
with a line.
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a) fcc-Au b) fcc-Au
[011] [001]

© o000 00000
© 0 00 o0 000
© 00 00 00000
| © 0 0 w0000
© 00 0.0 0000

[011] [010]

[100

Figure 2.2. 3D model of fcc-Au viewed from: a) [011] and b) [001].

For example, in Figure 2.2a), horizontal lines centered on a row of atoms yield (100)
or (200) planes, and the spacing between them corresponds to dygo or dogo-
Similarly, vertical lines centered on a row of atoms correspond to the (022) planes
separated by dg,3. By rotating the crystal to a different zone axis, such as [001],
other planes become apparent, while others disappear (Figure 2.2b). An infinite
number of planes can be constructed from an infinite number of hkl combinations.
However, not all the planes contain atoms or are resolvable with TEM.

Zincblende

The stable crystal structure of bulk III-V semiconductors is cubic ZB, except for
GaN, which instead forms hexagonal wurtzite®'. ZB is also known as sphalerite, and is
described by an fec lattice with the basis of two different atoms (Figure 2.3a). By
convention, the positive group III atom (cation) is referred to as an A atom, and is
placed on the corners of the unit cell. The negative group V atom (anion) is referred
to as a B atom, and is displaced from the A atom by % < 111 >. For each A atom
there are four nearest neighbors of B atoms in a tetrahedral arrangement

(Figure 2.3b).
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[111]B

Figure 2.3. a) Unit cell of ZB-InAs, which consists of In and As atoms in a tetrahedral arrangement, b).
) Shows a schematic of the In-As dumbbell, with polarity relations summarized.

Since ZB consists of two types of atoms, directions and planes that are equivalent in
fcc crystals, are not necessarily equivalent in ZB. From the unit cell definition with A
atoms at the origin, the B atoms are displaced along a [111] direction, referred to as
the [111]B direction. Note, that if instead the B atoms are at the origin, the [111]B
direction refers instead to [111]. A summary of the polarity of surfaces and directions
for [111]and (111) is shown in Figure 2.3c).

Crystal structure identification

An alternative way of viewing a lattice is to use its reciprocal lattice, which is the
Fourier transform of the real lattice. In TEM, a reciprocal space image can be
constructed by performing a fast Fourier transform (FFT) of an image of the atomic
arrangement, or by imaging the diffraction pattern. In reciprocal space, each spot
corresponds to a reflection from a set of lattice planes (hkl) of the real lattice, and its

. L . 1 .
distance from the origin is proportional to ——. Planes that fulfill the Weiss zone law:
hkl

O=hu+kv+lw

are normal to the zone axis and may appear as spots in the reciprocal space image.

For a single crystal, the spots are symmetrically arranged around the zone axis, and
their relative positions can be used to identify a crystal structure®. The relative

position is described by di, and the angular separation (6) of two reflection spots
hkl
(hlklll) and (hzkz lz), which is given by.
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hakily - hokyl,
OO = fh ko keL]
To index an unknown crystal structure, it is necessary to view the crystal from
multiple zone axes. However, for an engineered nanostructure, there are only a
limited number of feasible crystal structures, and the crystal structure can therefore,
often be identified by comparing the 6 and dpy; relationships to that of reference
crystal structures. For instance, reciprocal space images of the two atomic
arrangements in Figure 2.2 are depicted in Figure 2.4a and c.

a) L\ 54.74° b) |—\ 45°
5 )

. ?0 \ dio=2 ° 'y
111 1QO 111 . d111:a/\/3 45°
® o 35.26 d200= a/2 i Z
011 022 d,,,.=a/\2 020 0i0 . 020 \
: o O
111 100
Y o ) i b
@ Allowed
200 200
[ ‘% Forbidden [ [ [

Figure 2.4. Reciprocal space schematic of fcc viewed from: a) [011] and b) [001].

Selection rules

The structure factor (F) describes the amplitude of a diffracted electron beam after
interaction with a crystal lattice. From the symmetry of the unit cell, F for an fcc
structure is:

F = f{1 +exp(mi(h + k)) + exp(wi(h + 1)) + exp(mi(k + 1))}

where f relates the amplitude of a scattered wave from a single atom. Here, F can take
only two values:

F=0, hkl, mixed odd and even

F = 4f, hkl, all odd or even
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For (hkl) where F = 0, there is a zero intensity, its reflection is said to be forbidden
and it will, thus, not show in reciprocal space (Figure 2.4a and b).

For ZB structures such as GaAs or InAs, f differs between group III and group V
atoms, and there are several non-zero values of F which modify the relative intensity
of the diffraction spots. However, a mixture of odd and even reflections is still
forbidden, and will thus have zero intensity, as summarized below.

F = 0, hkl, mixed odd and even

F # 0, hkl, all odd or all even

Therefore, lower-index planes such as {100}, {110}, and {112} of fcc and ZB
structures are not visible with diffraction-based techniques, as was mentioned in

Table I 82,

Close-packed directions and planes

A close-packed plane is the plane with the highest areal density of atoms, and consists
of a monolayer of atoms for fcc-Au, but a bilayer of III-V atoms for ZB-InAs
(Figure 2.5). For an fcc lattice, {111} are close-packed planes, and < 111 > are the
corresponding close-packed directions.

Figure 2.5. Schematics of: a) fcc-Au and b) ZB-InAs viewed along the [011] zone axis with a [111]A
directed upwards. The close-packed layers are referred to as A, B, or C, depending on their relative
positions.
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The periodicity of the close-packed layers is known as the stacking sequence and
differs between polytypes of a crystal. The first layer is denoted A and the second B,
but depending on whether the third layer is translated with respect to the first layer, it
is either an A or a C layer (Figure 2.5a and b). The lower-order polytypes include
2H (AB), 3C (ABC), 4H (ABCB), and 6H (ABCACB), but become increasingly rare
at higher orders. A perfect wurtzite crystal follows the 2H stacking (2 units and
hexagonal) and a perfect ZB crystal follows the 3C stacking (3 units and cubic) as in
the case of the two crystals illustrated in Figure 2.5.

[II-V nanowires can be grown as perfect crystals®®, but if they are not optimized
they are either twinned ZB or a mixture of ZB and wurtzite®™¥. No wurtzite
structures were identified in the present work, but they would be distinguishable from
ZB when viewed along a < 011 > zone axis due to 2H stacking,

Crystallographic twins

Deviations in the stacking sequence can result in the formation of a twin, and the
ABCABC stacking becomes ABCBA (Figure 2.6a). A twinned crystal is a crystal with
the same symmetry but mirrored in a plane. Typically, in nanowire growth twinning
occurs at the (111) growth interface between the particle and nanowire and,
therefore, a twin plane transforms the structure between “twin 1”7 and “twin 2”. The
reciprocal space image of the twinned structure consists of two sets of spots, one for
each twin (Figure 2.6b). The spots along the mirror axis are shared, but others are
unique to each twin.

a) ©00 0 b) Mirroragis[ﬂﬂ
Twin 2
(002) (002)
O 0 0 O ro AT B >®
Mirror © 06000 @« ---------- O O Twin1
plane —O—0—0—0— (@) @ Twin 2
M o000 [ R R »>® O Twini&?2
Twinl © O O O @« ----f------ O
000 @

Figure 2.6. a) Schematic of a mirror plane (111) that separates two twinned fcc structures, twin 1 and
twin 2. b) The reciprocal space image of the two structures, which shares some spots.
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Compositional analysis

Energy-dispersive X-ray spectroscopy (XEDS) is a technique used in connection with
TEM for compositional analysis. The electrons in the incident beam of a transmission
electron microscope have a very high energy (typically 200 to 300 keV), which is
enough to eject an electron from an inner electron shell, resulting in the creation of
an electron hole. When an electron from an outer electron shell fills the hole, an X-
ray may be emitted with an energy that corresponds to the difference in energy
between the outer and inner electron shells. Since atoms have different electronic
structures, the X-ray spectrum emitted is specific to each element and can be used for
elemental identification.

In the setup used in the present work, a silicon-drift detector was used together with
commercial analysis software for relative quantification of the elements. The Cliff—
Lorimer relation was used for quantification, as it is valid for thin samples in TEM
where self-absorption is negligible. Self-absorption refers to the X-rays emitted from
within the sample that are absorbed by the sample before escaping from the sample,
which complicates the analysis of thick samples.

Ca Iy
L=k,
[

Here, I and Ip are the relative peak intensities of elements A and B, and C4 and Cp
are the relative concentration in weight percent (wt%). An individual k-factor (k,5)
must be used for each pair of elements, and in the present setup commercially
calibrated k-factors were used.

Scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM) are techniques in which the electron beam is focused into a small probe. The
probe is scanned across the sample in a grid pattern to illuminate a small area of the
sample at a time, and the resulting spectrum is attributed to each pixel in the image.
Note, that typically, the electron beam penetrates far (microscale) into SEM samples,
and penetrates through STEM samples. In SEM, mainly secondary electrons are
detected, which are low-energy electrons (<50 eV) originating from the top few
nanometers of the sample surface. Therefore, SEM is a suitable technique for studying
the morphology of nanostructures. High-angle annular dark field imaging is a
common STEM technique in which the image is generated from highly scattered
electrons (typically >3° for a 300 keV instrument)®. Large-angle scattering depends
primarily on the sample thickness and atomic number (Z), therefore, the contrast is
sometimes referred to as Z contrast or mass-thickness contrast®.
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3. Thermodynamics and nucleation

It is common knowledge that at a pressure of 1 atm ice melts at 0 °C, water boils at
100 °C, and that both the melting point and boiling point of water can be affected by
the addition of salt or by a change in the surrounding pressure. When a system is
subjected to a change in its surroundings, the relative stability of the phases changes,
resulting in a phase transition. In this chapter, fundamental thermodynamics are
introduced to explain phase transitions of bulk and nano scale systems.

The formation of a condensed (liquid or solid) phase is associated with an energy cost
due to the formation of new surfaces or interfaces. This energy is known as an
activation energy or a nucleation barrier, and can effectively prevent the precipitation
of condensed phases. For instance, pure water vapor at 20 °C does not spontaneously
form rain droplets unless the relative humidity is above 350% due to the high
nucleation barrier”. However, in the presence of impurities such as aerosol
nanoparticles, a relative humidity of only 100.36% is sufficient for droplets to form®’.
The properties that govern the height of the nucleation barrier and its relation to the
nucleation rate are described in this chapter. The concepts are general, and are
important in describing how and why a seed particle can increase the growth rate of
semiconductor crystals, as well as how aerosol nanoparticles are formed. More specific
theory is introduced in Chapters 4 to 7.

Chemical potential and supersaturation

Figure 3.1 shows the one-component (unary) phase diagram of water, where the
equilibrium vapor pressure at which the liquid phase separates from the vapor phase
can be seen. At thermodynamic equilibrium, the chemical potentials (1) of the two
phases are equal, and both phases are stable. The chemical potential at a set pressure
(P) and absolute temperature (T) of phase @ is described by:

_ oG
B SNrp

Ha
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where G is the Gibbs free energy and N the number of moles of the a-phase. A phase
with a higher chemical potential tends to react with a phase with a lower chemical
potential such that atoms are redistributed between the phases to equilibrate the
chemical potentials, until until thermodynamic equilibrium is reached.

2 ' P
18+ ® P> Peq eaf]
® P=P
1.6 1 oo Boiling
® P, <P, .
14| q point
— Driving force

Pressure (bar)

0 20 40 60 80 100 120
Temperature (°C)

Figure 3.1. Vapor pressure of water. Red indicates supersaturated vapor, green saturated vapor, and blue
unsaturated vapor. Upward and downward arrows indicate the thermodynamic driving force defined by
the difference in chemical potential between the two phases.

The difference in chemical potential (Ap) of two phases (@) and () can be defined

as:

Aﬂa—)ﬁ = :uB — Ua

and for an ideal unary system of a vapor (v) and liquid (1) can be expressed as:

P,
Ap,; = —RT lnP—

eq

where R is the universal gas constant, T the absolute temperature, P, the partial
pressure of the vapor and P, the equilibrium vapor pressure of the liquid phase. One
of the simplest methods of supersaturating a vapor is cooling it rapidly (quenching)
until P, falls below P,. In contrast, if a vapor is heated until P,; exceeds B,, the
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vapor becomes unsaturated. It is common to simply use the magnitude of Ay to
describe a supersaturated phase, hence, Ay increases with supersaturation.

When the phase transition does not involve a vapor, it is more convenient to describe
the difference in chemical potential as:

c
Apyg = —RT lnc—
0

where ¢ is the solute concentration, and ¢g is the equilibrium concentration, also
known as the solubility.

Capillary effects

Capillary effects are the effects of curved surfaces or interfaces on thermodynamic
properties. In general, thermodynamic systems consist of more than one phase, for
instance, a solid in connection with a vapor. The material properties of the interface
or surfaces differ from those of the bulk, therefore, the material properties of nano-
scale systems also differ from those of the bulk. A nano-scale system has a very high
surface-to-volume ratio, and some material properties are highly size-dependent.

Two capillary effects that are relevant for nanowire growth and aerosol nanoparticle
generation are highlighted and explained briefly below: increased vapor pressure and
decreased melting point. The vapor pressure at the surface of a nanoparticle (ps) is a

function of the curvature (H = %) of the liquid—gas interface. For a spherical

nanoparticle with the diameter (d) this can be described by the Kelvin equation:

4yVy 1
Ds = Peq €XP (W ) E)

where V) is the volume per mole of the condensed phase, and y is the surface energy.
The value of y for a stable condensed phase must be positive, otherwise it would be
energetically favorable for the condensed phase to disintegrate and form more
surfaces. In PAG of nanowires, the higher vapor pressure of a small nanoparticle
reduces the supersaturation in the nanoparticle and retards growth. This is often
referred to as the Gibbs—Thomson effect”®, and results in a decrease in growth rate
at small diameters. Furthermore, a reduction in supersaturation also increases the
height of the nucleation barrier, as is described in the next section.

Another consequence of the extra energy associated with surfaces is a reduction in the
melting temperature of nanoparticles compared to that of the bulk material®*. The
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following relationship describes the size-dependent melting temperature (Ty), in
Kelvin:

. 4V, 1
Tnz;artwle _ T[gulk _ (% . a)

where AS is the difference in entropy of the liquid and solid phase, and since solids
are more ordered than liquids, AS is a positive quantity. Again, since Y is positive, the
melting point decreases with the inverse of the nanoparticle diameter. Significant
effects have been observed and explained for small nanoparticles (< 5 nm)®, but for
larger nanoparticles, >20 nm, the melting point depression is often only a few Kelvin.

Nucleation

Nucleation is the initial step in forming a condensed (liquid or solid) phase. The
nucleation rate (k) can be described according to classical nucleation theory by a

simple Arrhenius expression”:

AG”
k < exp— kb_T
where AG* is the nucleation barrier, kj, the Boltzmann constant and T the absolute
temperature. It is apparent that the rate of nucleation increases with increasing
temperature and decreases with the height of the nucleation barrier. In this section,
the properties that govern the height of the nucleation barrier for three-dimensional
homo- and hetero-nucleation of a liquid phase are discussed. Similar mechanisms are
valid for solid phases, but anisotropic surfaces must then be considered.

Cleaving a bulk crystal to form two new surfaces results in the formation of a new
surface, associated with a surface energy. To a first approximation, the surface energy
of a free surface is proportional to the density of dangling bonds, but neighboring
atoms and the bond strength also influence”®. When two different phases (a, B) form
an interface, the excess energy of the two surfaces is known as the interfacial energy
(VO(B)~ During nucleation, a small nucleus of a condensed phase forms, and interfaces
with different surfaces energies and areas form between the nucleus and the
surrounding phases.
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3D nucleation

The Gibbs free energy of condensation (AG) describes the energy difference between
the vapor and the condensed phase. Condensation from a supersaturated vapor
corresponds to a decrease in chemical potential, which is reflected in the negative
supersaturation-related volume term (AGy). However, the new interfaces and surfaces
that form are associated with a y-related area term (AG,). For a spherical nucleus the
following expression can be constructed:

A
AG = AGy + AG, = 4mr? (—'ur + y,m)
3V,

where Vy; is the mole volume of the nucleus, and y,,,, the interfacial energy between
the vapor (v)and the nucleus (n). Note, that here Ay is used as a negative quantity.
Since AG increases with area but decreases with volume, AG can be maximized as a
function of the nucleus radius ().

At a critical radius (r*), AG is maximized, and AG* = AG(r*). Nuclei with r <
r*are unstable and decompose, whereas nuclei with r > r* have overcome the
nucleation barrier and continue to grow. Figure 3.3 shows a plot of AG and its
constituents for the homonucleation of a 3D nucleus as a function of the nucleus
volume, V.

AG

Gibbs free energy of condensation (AG)
'\ N (4
@

Nucleus volume (V)

Figure 3.3. Schematic showing AG and its constituents for condensation to a spherical nucleus with the
volume V.

For a simple spherical system, AGpomonucteation 1S given by the following expression.
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X 16nVE v3,
AGhomonucleation = T (Aﬂ)z

Nucleation on a surface

The origin of the nucleation barrier is the energy cost associated with forming surfaces
(AG,). Therefore, if the surface energies or the area can be reduced, the nucleation
barrier will decrease. Nucleation on pre-existing surfaces is known as
heteronucleation, which reduces the interface area to the supersaturated phase.
Figure 3.4a shows a nucleus (n) on a pre-existing surface (s) surrounded by a vapor
(v). If the interfacial energy of the nucleus and the pre-existing surface is lower than
that between the nucleus and the supersaturated phase (Vps < ¥yp) this further
reduces AG* compared to homonucleation (Figure 3.4b).

a) b)

AG
Vapor v

homonucleation

*

'
heteronucleation
—_

TN

Nucleus radius (r)

Figure 3.4. a) A nucleus on a surface surrounded by a vapor, balanced by the interfacial energies, which
governs the wetting angle (6). b) AG for homonucleation and heteronucleation with 6 = 60°.

The balance of the absolute interfacial energy between the three phases (Yys, Yo, Yns)
determines the stable contact angle (8) of the nucleus according to Young’s relation:

Yvs — Vns
Yon

cosO =

The shape of the spherical cap (droplet/nucleus) is controlled by 6, and defines the
geometrical shape factor (fsphere)’ which describes the fraction of the volume of a
complete sphere.

24



2 —3cos8 + cos30
fsphere = 4

Finally, an expression for the heterogeneous nucleation barrier is obtained:

16V v2,
BERE fsphere

.
AGheteronucleation -
where AGpeorero < AGhomos since fopnere < 1, especially when 8 is close to zero or

180° and fsppere approaches zero. Depending on the balance between interfacial
energies, nucleation can thus be very beneficial on other surfaces.
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4. Aerosol nanoparticles

An aerosol is a suspension of very small liquid or solid particles in a gas that can
remain airborne from a few seconds to several years. This is due to the very low
settling velocity of small particles, such as nanoparticles. For example, the settling
velocity of 10 to 100 nm Au nanoparticles is 1 to 20 micrometer (um) per second.
The reason for this low settling velocity is the weak gravitational force compared to
the drag force on light nanoparticles. The settling velocity of nanoparticles is reached
almost instantaneously due to their low inertia.

Examples of aerosol nanoparticles include metal fumes, sea salt nuclei, oil smoke,
diesel smoke and viruses in the atmosphere. However, they are usually short-lived
since they collide and adhere to larger acrosol nanoparticles present in the ambient
atmosphere. When transported in a high-purity carrier gas, there are much fewer
collisions, and nanoparticles can follow the streamlines of the gas almost perfectly®””’.

There are several methods of producing aerosol nanoparticles, in which the nano-
particles are either created beforechand and then aerosolized, or are formed directly in
the gas phase. In the present work, nanoparticles were produced directly in the gas
phase by the condensation of evaporated metal species. The aerosol nanoparticles
were generated with a SDG, which is part of a mobile aerosol production system
available at our lab. The system can be used independently, or connected to other
equipment such as an Aerotaxy reactor. In this chapter, the experimental setup, its
capabilities, and the physics of the aerosol system are discussed.

Aerosol system

A schematic of the aerosol production system is shown in Figure 4.1. The default
carrier gas is N, specified and confirmed to be 299.9999% pure, but other gases
such as H, or pre-mixed gases can also be used. The carrier gas is controlled by mass-
flow controllers, and transports the aerosol nanoparticles produced in the SDG
(Figure 4.1a) through the system. The nanoparticles produced are charged with a
known charge distribution using a radioactive “*Ni source, and are then size-selected
with two differential mobility analyzers (DMAs) and compacted in a tube furnace
(Figure 4.1b). Finally, the nanoparticles are either collected in an electrometer for
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nanoparticle concentration measurements, or in an electrostatic precipitator (ESP) for
aerosol deposition (Figure 4.1c¢).

C Rotary

Furnace

Electrometer pump
ESP

Figure 4.1. Illustration of the aerosol system. a) A carrier gas transports the aerosol generated by the
SDG. b) Nanoparticles are bipolarly charged and size-selected with DMAs and compacted in a furnace.
) The nanoparticles are collected in an electrostatic precipitator (ESP) or electrometer, and the
remaining flow exits through a rotary pump. The system has two-way and three-way valves (not all are
shown) for bypassing parts of the system.
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The system has a typical (size-selected) production rate of 10 to 10° cm™ which, for
the default flow rate of 1.7 standard liters per minute, corresponds to 10° to 10°
nanoparticles per second. The number of nanoparticles produced by the SDG itself is
orders of magnitudes higher, but there are significant losses in the aerosol generation
system. Losses occur in the SDG chamber™, ducts, and in the DMAs where only a
fraction of the nanoparticles is selected to achieve a narrow size distribution. The
system is mobile and highly versatile. The default configuration is shown here, but
many of the parts can be bypassed, removed or added to suit the requirements

Generation of nanoparticles

The SDG was originally used to produce aerosols of monodisperse Au and C nano-
particles™'”. However, the technology has since matured, and is now used to
produce other materials'” """ and is used in several scientific fields, for example,
medicine and health'”, catalysis'®, and materials science'”’. Recent progress in
increasing the production rate of SDG-generated nanoparticles includes the use of
parallel sources'”®, kHz spark frequencies'”'", and more power-efficient continuous
glow discharges'"''"*. In the future, the SDG may find its way into industrial
applications, such as the textile industry'® or photovoltaics through Aerotaxy'”. A
method related to spark discharge is the continuous arc-discharge method, which
operates at much higher direct currents and lower voltages. A higher current is
associated with a higher electrical power and production rate, but also with

considerable heating of the electrodes and chamber'"“.

28



Nanoparticle formation in spark discharges

During a spark discharge between two electrodes, material is ablated from the
electrodes and a plasma channel forms, as shown in Figure 4.2. The plasma reaches
temperatures of tens of thousands of Kelvin and the vapor is quenched to room
temperature in < 100 ps'". With quenching rates on the order of 10® to 10° K/s'"° the
supersaturation of the vapor increases rapidly, resulting in the nucleation and
condensation of nanoparticles. The initial particle size is governed by the
homogeneous nucleation barrier''®, but the nanoparticles grow due to continued
condensation'”. The nanoparticle size distribution can be tuned, for example, by the
carrier flow rate, spark discharge frequency, or energy per spark''®'"”. Heat is released
when nanoparticles collide and coalesce to form larger nanoparticles which, for high
concentrations of nanoparticles, increases the average particle size and delays the onset
of cluster formation'?.

Clusters of strongly bound, partially merged nanoparticles are referred to as aggre-
gates'?', whereas weakly bound clusters (by van der Waals forces or surface tension)
are referred to as agglomerates. Primary particles generated in a SDG are usually
partially merged with each other, presumably due to the pure surfaces, which enable
room temperature sintering'”, but the extent to which they are merged varies with
the material system and system conditions. The terms aggregate, and agglomerate are
often used interchangeably, and in this thesis the term aggregate will be used, whereas
in Paper I, the same nanoparticle may be referred to as an agglomerate.

Spark Polydisperse aerosol }
AR »*® Primary particles
ol i g
Carrier gas T = . .

| o . e '. 2 .‘}:i .ﬁ Agglomerate

B e ‘... 's Aggregate
Electrode .

Figure 4.2. Schematic of particle formation in a SDG. The discharge evaporates material from the
electrode surface to form a vapor. The vapor supersaturates when quenched in the carrier gas, and
nanoparticles form and grow into spherical primary particles that form aggregates or agglomerates
depending on bond strength.
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Electrical discharge

The electrical system of the SDG consists of a high-voltage generator, a capacitor and
two electrodes that constitute a simple high-voltage switch (Figure 4.3). A power
supply charges the capacitor with a current (I) which gradually builds up a potential
difference between the electrodes. Eventually, the difference in potential exceeds the
breakdown voltage (Up) of the gap between the electrodes and an electrical discharge
occurs. According to Paschen’s law, Uy, is proportional to the gap distance and the gas
pressure'®, but it is also affected by the electrode geometry and electrical properties of
the carrier gas”'**. Under typical operation the capacitance is charged fast enough to
slightly exceed U, and the observed discharge voltage (Uy) varies slightly between
cach discharge. The time taken to charge the capacitor to U; defines the spark

frequency (fs):

where C is the capacitance of the capacitor. The energy (E) stored in a capacitor is
expressed as:

1 2
E=5CU§

from which a fraction is used to form a spark and evaporate material.

Power
supply | ———— d

Figure 4.3. Electric circuit for a simple SDG. Adapted from (Meuller et al. 2012) %
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Nanoparticle production rate

For evaporation to occur, it is necessary for the energy stored in the capacitor to be
transformed into thermal energy capable of heating the electrodes and evaporating a
volume of material. Therefore, nanoparticle formation is influenced by the material
properties of the electrodes, namely: their heat capacity, boiling point, and
evaporation enthalpy'®. In addition, heat losses from conduction, convection, and
radiation play an important role'”. In general, the mass of evaporated material
decreases with the heat capacity, evaporation enthalpy, and thermal conductivity of
the electrode material. Therefore, metals such as Ag and W are much more spark
resistant than metals such as Bi and Sb. Furthermore, the mass of material evaporated
normally increases with the spark energy and frequency, since more energy is

supplied”.

Figure 4.4a) shows the nanoparticle concentration after size selection of Ag nano-
particles produced with currents of 4 and 32 mA. The measurements were performed
with a DMA and an electrometer, from the electrical mobility diameter of the
nanoparticles, as is explained later in this chapter. The nanoparticle distribution
widens with increasing current, and shifts to more and larger nanoparticles, which is a
clear sign of an increase in the mass of evaporated material. In Figure 4.4b, the Ag
electrodes have been replaced with AgAu electrodes, which results in significantly
more and larger nanoparticles at the same current and electrode distance. This is also
interpreted as an increase in the mass of evaporated material.
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Figure 4.4. Nanoparticle concentration of size-selected a) Ag and b) AgAu nanoparticles sintered at
500 °C with a charging current of 4 and 32 mA. Data sets fitted to log-normal distributions.
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With electron microscopy'”® or confocal laser scanning'®* micro-scale craters have

been reported on the electrodes after a spark discharge. These craters are formed by
individual spark events, due to the melting and re-solidification of small volumes of
electrode material. It was also reported that most of the spark energy was spent in
forming the craters, while only a small fraction was used to evaporate material. It is
possible that the energy used in forming this pattern could explain the discrepancies
observed between experiment and the Jones model'”.

Ag and Au have similar material properties and, according to the model developed by
Jones'”, the mass of evaporated material from Ag and Au should be almost identical.
However, discrepancies have been reported between the modelled electrode loss'*'*
and the measured electrode loss”'"* for some material systems, especially for Au,
which evaporates faster than expected. The model does not take liquid droplet
ejection'**'* or chemical reactions into consideration, and it has been speculated that
this could affect the electrode loss by orders of magnitude’'*’. Despite that the same
capacitance and currents were used for the Ag and AgAu electrodes, the discharge
voltage differs. This most definitely affects the spark energy, and may also explain the
difference in production rate between the Ag and AgAu electrodes.

Processing of nanoparticles

After nanoparticle generation, all but the smallest nanoparticles form aggregates or
agglomerates, and the particle size distribution is wide. The final nanoparticles should
have a well-defined shape and narrow size distribution. The particle size is controlled
in the aerosol system by electrically manipulating charged nanoparticles in an electric
field with a DMA. The nanoparticles are sintered at elevated temperatures in a tube
furnace to reshape them into compact nanoparticles.

Electrical mobility diameter

The nanoparticles are non-uniformly charged during generation, and a ®Ni radio-
active foil is used to generate bipolar ions that redistribute the electrical charges of the
aerosol according to a Boltzmann distribution'’. For nanoparticles with diameters in
the range of 10 to 50 nm, more than 98% of the nanoparticles are either singly
charged or uncharged, and multiple charges are rare (< 2%)">'%.

A particle with n elementary charges (e) in an electric field (E) is subject to an
electrostatic force (F,).

F, = neE
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The particle terminal velocity (v;) is limited by the aerodynamic drag force (Fy),
which, for a spherical nanoparticle with diameter (d) is given by:

_ 3muv.d
=,

where p is the dynamic gas viscosity and C¢ the Cunningham slip correction factor.
For nanoparticles it is important to correct for the discrete gas—particle interactions
with C¢, which is unity for large particles but increases rapidly for particles on the
nanometer scale. When v, is reached (almost instantaneously for nanoparticles), the
drag force and electrostatic forces are in balance and the electrical mobility of a

particle (Zp) is defined as:

7 vy _neCe 1
P E 3mu

For singly charged spherical nanoparticles, d is equal to the aerodynamic diameter.
However, for non-spherical nanoparticles the two differ, and the mobility diameter of
two aggregates of the same volume will differ depending on their shape and
orientation in the electric field. Note, that there is no dependence on mass.

Differential mobility analyzer

A DMA is commonly used in aerosol science for size selection of aerosol particles
according to their electrical mobility. Nanoparticles of a specific size can be selected
from a polydisperse flow of nanoparticles to provide a monodisperse flow, as shown in
Figure 4.5a. A radial DMA consists of a grounded outer electrode and a central
electrode, separated by a sheath gas (Qspeqrn) flowing parallel to the electrodes. The
central electrode is biased with respect to the outer electrode, forming a radial electric
field perpendicular to the sheath flow. The nanoparticles enter the DMA with the
carrier gas (Qcarrier), and follow the sheath gas, but drift due to the electric field.
Depending on their Z,,, the nanoparticles will be collected by the central or outer
electrode, or exit with the sheath gas or through the slit as size-selected nanoparticles
(Figure 4.5b). The mean electrical mobility (Z;;) of the transferred nanoparticles is
given by:

T,
Qsheath In ( outer)

7 = Tinner .

2nL

Sl
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and is inversely proportional to the applied voltage (U)"'. Here, L is the distance
traveled by the nanoparticles in the DMA, and r the outer and inner radius of the
outer and inner electrodes. Increasing the applied voltage shifts the selection to larger
nanoparticles, and reversing the applied bias between the central electrode and the
outer electrode changes the selected nanoparticle polarity.
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Figure 4.5. a) A DMA filters out a monodisperse flow of particles based on their size and charge. b) A
positive high-voltage (HV) central electrode attracts negatively charged nanoparticles which drift in the
sheath flow providing selection of nanoparticles with a specific Z,.

The size-dependent nanoparticle concentration is measured in step mode, where the
applied voltage is increased in small steps, and the nanoparticle concentration is
measured for half a second 10 seconds after each step. The nanoparticle concentration
is measured before the outlet of the system using an electrometer. An electrometer
collects the charged nanoparticles and measures the dissipated current. The sensitivity
of the aerosol electrometer used in this work (TSI 3068B) is 1 fA, and assuming the
nanoparticles are singly charged this is equivalent to about 6250 nanoparticles per
second. This electrometer thus provides an excellent means of measuring the
nanoparticle concentration when using the SDG, which produces 10’ to 10° size-
selected nanoparticles per second.
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The measurements can be carried out more quickly by ramping the voltage continu-
ously, and deducing the size and concentration from the transient changes'®*. This
was not done in the present work, but is common in commercial scanning mobility
particle sizers, which consist of a particle charger, a DMA, and an electrometer.

The shape of the electrical mobility curve for nanoparticles transmitted by a DMA at
a fixed voltage is triangular, and its full width at half maximum (FWHM) (AZ,) is"**

136

Qcarn’er

A, =7 ———
p p Q

sheath

A typical carrier-to-sheath flow ratio of 1.7:10 results in a AZ of 17% of Z*. Due to
the non-linear relationship between Z and d (from C¢), the corresponding change in
Ad is narrower (for singly charged nanoparticles). For simplification, 2Ad is defined

as d(Z* +AZ) + d(Z* — AZ). For singly charged spherical nanoparticles, f;i

approximately 8 to 9% for nanoparticles smaller than 50 nm, and 12 to 13% for
doubly charged nanoparticles, as can be seen in Figure 4.6a. For larger particle diam-
f;i approaches 3{

is

eters, C¢c approaches unity, and . However, very large nanoparticles

cannot be produced effectively with the SDG, and it is difficult to apply a specific
electrical charge to larger nanoparticles. As the resolution is size-dependent, the
absolute resolution increases with decreasing particle diameter, as shown in
Figure 4.6b. However, eventually, Brownian diffusion in the DMA becomes
significant (not considered here), which reduces the resolution, especially for smaller
nanoparticles and longer DMA transit times.
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Figure 4.6. The transmitted FWHM for singly and doubly charged spherical nanoparticles, in relation to
the selected diameter (d*) shown as: a) relative resolution and b) absolute resolution.

Sintering to achieve thermal compaction

In nanoparticle applications, highly uniform and well-characterized nanoparticles are
often preferred. To achieve this, it is necessary to compact the aggregates into well-
defined compact nanoparticles, where the size and composition can be used to predict
the particle properties.

When subjected to elevated temperatures, the solid-state diffusivity increases, and the
primary particles may coalesce to form a more compact and more dense nano-
particle’”?*. At higher diffusion rates, atoms rearrange and form more energetically
favorable surfaces or phases. Diffusion can be divided into bulk, grain boundary, and
surface diffusion; surface diffusion typically being the fastest'’. Since an aggregate has
a very high surface-to-volume ratio, surface effects are very important.

The compaction behavior of initially aggregated nanoparticles was studied with the
tandem DMA setup shown previously in Figure 4.1. The first DMA is used to select a
certain particle size, the tube furnace is set to the desired compaction temperature,
and the second DMA is used to analyze the final particle diameter. When unsintered
Au nanoparticles were size-selected in the first DMA and transported through the
tube furnace at room temperature, they were found to be approximately 52 nm in
diameter using the second DMA (the blue peak in Figure 4.7a). When the tube
furnace was set to 500 °C the particle diameter was only 31 nm, indicating
considerable compaction (the green peak in Figure 4.7a).
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Figure 4.7. The mobility diameter of Au nanoparticles: a) unsintered (blue) and sintered at 500 °C
(green). b) The nanoparticle mode as a function of furnace temperature shows gradual shrinkage. TEM
of ¢) unsintered nanoparticle and d) nanoparticle sintered at 500 °C.

The mode of the nanoparticle distribution is the most common particle size of the
distribution and corresponds to the peak positions in Figure 4.7a. A plot of the mode
as a function of furnace temperature is referred to as a sintering scan, and reveals
information on the degree of compaction of the nanoparticles. Sintering scans for 50
and 80 nm Au nanoparticles are shown in Figure 4.7b as an example. Complete
compaction occurred at about 400 °C for 50 nm aggregates, and at about 500 °C for
80 nm aggregates. The compaction of the aggregates was confirmed using TEM
(Figure 4.7b). At high temperatures (> 600 °C) thermal charging may occur leading
to multiply charged nanoparticles, due to thermionic emission of electrons or positive
ions'.

Three steps can usually be identified when studying the temperature-dependent
compaction of aerosol nanoparticles: compaction, internal rearrangement and
evaporation'*’. At low temperatures the nanoparticles become more compact with
increasing temperature. The compaction temperature (T;) refers to the lowest
temperature that results in completely compact nanoparticles, as is apparent from a
plateau with a constant mobility diameter in a sintering scan. Complete compaction
is usually achieved when nanoparticles are sintered at a temperature of around 30 to
60% of the bulk melting temperature (Tj;) (in Kelvin)'*.

Figure 4.8 shows the compaction behavior of six elements: Co, Rh, Pd, Sn, Pb, and
Bi. The metals with high melting points: Co, Rh, and Pd, show similar compaction
behavior to Au, i.e., gradual compaction at low temperatures, and T¢ < Tyy. The low-
melting-point metals, Sn, Pb, and Bi, on the other hand, exhibit a more complex
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compaction behavior and T¢ > Ty This could be due to contamination, or partial
oxidation of the metals during generation or in the tube furnace. To prevent
oxidation, Bi, Co, and Sn nanoparticles were therefore generated in N containing
5% Ha, instead of pure N (as discussed in a later section).
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Figure 4.8. Compaction behavior of 80 nm aggregates of six different metals as a function of compaction
temperature: To prevent oxidation, Co, Sn, and Bi were generated in a mixture of N2 and Ho.

Evaporation

The lifetime of a liquid particle can be calculated from its evaporation rate'*'*%. The

following differential equation describes how the particle diameter (d,) changes over

time'®.

d(d,) 4D,M (pi _ &) _ 2 gas + d,
dt  Rp,d,\T, T Ags
PP s dp + 533d_ + 3'42/19115

p

The partial pressure of the metal far from the particle in the sintering furnace
(Poo) should be much smaller than the vapor pressure at the droplet surface (ps), and
the expression can be simplified to:

d(d,)  4D,Mps 2gas + dyy
dt Rp,d, T

A2
d, +5.33 g:s +3.422 445
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D,M
The factor —2=2=

differs between metals, but p; typically differs by several orders of

magnitude betiveen metals at the same temperature. The remaining factors are: the
diffusion coefficient of the vapor (D,), temperature at the particle surface (T), the
molecular mass of the metal (M), the density of the liquid metal (p,,) and the mean
free path of the gas (Agas) 2

Figure 4.9a shows the vapor pressures of Bi, Pb, Sn, and Au extrapolated from
reference data'®. Figure 4.9b shows the evaporation rates of 50 nm nanoparticles of
Bi, Pb, Sn, and Au estimated using the above expression. At the same temperature,
the vapor pressures of Bi and Pb are orders of magnitude higher than those of Sn and
Au, and they can thus be expected to evaporate at lower temperatures. The modelled
evaporation rate of Bi and Pb exceeds 1 nm/s already at 400 to 600 °C, whereas Sn
and Au require temperatures of 800 to 1000 °C to reach similar rates. These
differences are expected from their differences in vapor pressure (Figure 4.9a).

a) b)
10° % 1000
= €
g £
(]
% E 100
g1 0 Bi 5
- oPb T 10
a O Sn 8_
> O Au ©
10°% ! 1
0 1000 2000 3000 600 1000 1400
Temperature (°C) Temperature (°C)

Figure 4.9. a) Extrapolated vapor pressure of liquid Bi, Pb, Sn, and Au'“ b) Theoretical evaporation rate
of 50 nm nanoparticles of Bi, Pb, Sn and Au.

Numerical solution of the differential equation allows the evaporation of a Bi nano-
particle to be visualized, as is illustrated in Figure 4.10a at three temperatures: 500,
550, and 600 °C. The total time was set to one second, which resembles the time an
aerosol nanoparticle spends in the compaction furnace. The particle diameter was
Ady

At
steps (At). Note, that due to the Kelvin effect, py increases exponentially with

decreasing particle diameter, resulting in a significant increase in evaporation rate for
the smallest nanoparticles. This is particularly clear for < 5 nm nanoparticles, which
yield an almost vertical slope in Figure 4.10a. Some evaporation can be expected
during the compaction of Bi nanoparticles if they are heated to high temperatures.
This was also confirmed in the present work (Paper I) (Figure 4.10b and c), where Bi

modelled as a function of time by calculating pg and ) iteratively with ps time
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nanoparticles generated in N, with 5% H,; were compacted from 80 nm aggregates to
50 nm nanoparticles, and finally shrank (due to evaporation) at temperatures around
600 °C. Even this simple model is sufficient to give an idea of the temperature range
in which evaporation can become a problem. Similar measurements were made for
Sn, which instead evaporated at around 900 °C.
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Figure 4.10. a) Modelled particle diameter time-dependent evaporation of 50 nm Bi nanoparticles at
three temperatures. b) Compaction behavior of Bi nanoparticles generated in 95% Nz and 5% Hoz. c)
TEM images of typical Bi nanoparticles sintered at different temperatures.

Collection of nanoparticles

Electrostatic precipitation is a convenient method for depositing nanoparticles on flat
non-insulating substrates. If the substrates are not flat, the nanoparticle concentration

will be inhomogeneous, and charge may build up on insulating substrates, which will
complicate deposition.

Electrostatic precipitator

The aerosol enters the ESP from above, and perpendicular to the substrate. The
aerosol then expands, and the flow rate decreases. Without an applied bias, the aerosol
will reach the center of the ESP plate and spread out as it flows around the plate on
its way to the outlet located below. When a bias is applied, the aerosol is collected in a
region with an even nanoparticle density'*'®. This region is often referred to as the
deposition spot, and is elongated towards the direction of the outlet, as shown in
Figure 4.11b. Note, that for nanoparticle depositions used for nanowire growth
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described in in Papers IT and III, the nanoparticle density is rather low (1 to 10 pm™)
and the deposition spot is almost invisible for the naked eye.

Figure 4.11. a) Photograph of the ESP plate: a) before and b) after extremely high-density nanoparticle
deposition to visualize the deposition spot.

Small nanoparticles have a high electrical mobility; thus, they reach a high terminal
velocity in the electric field and are collected in a smaller area than large
nanoparticles. Decreasing the applied bias or increasing the distance between the
metal plate and the ESP inlet increases the deposition area. The deposited
nanoparticle density is estimated from the carrier gas flow, nanoparticle
concentration, deposition area, and deposition time.

Nanoparticle density and diameter

The nanoparticles are accelerated by an electrostatic force and are deposited onto a
substrate. Since the electric field strength is stronger at sharp curvatures, the
nanoparticle density will be much higher at the edges of the substrate. For example,
the nanoparticle density at the edge of the substrate is around four times higher than
near the center (see Figure 4.12a and b). The average nanoparticle density at the
center is 1 £ 0.1 pm™ (calculated from three different measurement areas) and the
average particle diameter is 34 + 4 nm (based on 833 nanoparticles). However, the
nanoparticle distribution is bi-modal, with a major peak at 33 + 2 nm, representing
singly charged nanoparticles, and a minor peak at 44 + 6 nm, corresponding to
doubly charged nanoparticles with the same mobility'®. Note, that the resolution is
well described by the DMA transfer function if the bi-modality is considered.
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Figure 4.12. Contrast-enhanced SEM images of Au nanoparticles deposited on GaAs substrates: a) at the
center and b) at the substrate edge). The nanoparticle density is uniform in the center and higher at the
edges. ¢) Statistical analysis of the particle size distribution shows that 90% of the nanoparticles agree
with a Gaussian distribution centered at 33 nm, with a FWHM of 2 nm.

The fraction of multiply charged nanoparticles is lower for the deposition of smaller
nanoparticles. In addition, Ad is roughly 9% of the selected diameter, and becomes
very small for small nanoparticles. For example, the standard deviation for 12 nm
nanoparticles was measured with SEM and found to be + 1 nm.

Composition of nanoparticles
A wide variety of metals”, alloys”™""*'*, semiconductors'*, and metal oxides'” have
been produced with SDGs. In the present work, there was a need to produce pure
unoxidized metal nanoparticles, and to enable the use of alloys. To produce
unoxidized metal nanoparticles it is necessary that the O, concentration in the aerosol
system is lower than the dissociation pressure of the metal oxide. However, the
dissociation pressure of many metal oxides is far below ppb levels of O,. Therefore, it
is not surprising that easily oxidized metals are partially or completely oxidized during
particle formation, and are further oxidized during sintering'”®. Some of the results
from Paper I are highlighted in the following section, before this chapter is concluded
with a discussion on the production of alloy nanoparticles.
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Preventing oxidation of nanoparticles

Metal oxides typically have a higher melting point and lower solid-state diffusivity
than the pure metals. Therefore, oxidized nanoparticles require higher sintering
temperatures to become completely compacted. Oxidation can be prevented by
decreasing the O3 levels in the system, e.g., by prolonged nanoparticle production to
scavenge the remaining O,', or by adding a reducing agent such as H,. The addition
of a low concentration of H; prior to sintering enables the reduction of many metal
oxides, since H, reduces the oxide to form water™’~'.

The compaction behavior and composition of Au, Bi, Sn, and Co nanoparticles were
studied for nanoparticles generated in either N; (99.9999% pure) or a mixture of
95% N and 5% H». The compaction behavior was also compared to that of nano-
particles generated in pure Ny, but sintered in a No/H, mixture. The compaction
behavior of 80 nm Bi aggregates generated in the two atmospheres is shown in
Figure 4.13a.
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Figure 4.13. a) Compaction behavior of Bi nanoparticles generated in pure Ny carrier gas (99.9999%),
and 95% N + 5% H,. TEM images are shown of nanoparticles compacted at 500 °C generated in b) the
N2/H: mixture, and in ¢) pure No.

The nanoparticles generated in N, were initially resistant to compaction, but showed
significant compaction, from 80 to 40 nm, between 300 and 450 °C. In contrast, the
nanoparticles generated in the N»/H, mixture compacted from 80 to 50 nm between
150 and 300 °C. These trends, together with the subsequent evaporation at higher
temperatures can be seen in Figure 4.13a). The morphology of the compacted
nanoparticles also clearly differs; the nanoparticles generated in the N,/H, mixture
being compact and faceted (Figure 4.13b), while the nanoparticles generated in N,
consisted of both the metal and the oxide (Figure 4.13¢). Similar phase separations
were visible at other compaction temperatures, and at 500 °C the darker region was

43



identified as Bi, and the brighter region as Bi:Os. At 400 °C, the nanoparticles
generated in the N/H, mixture exhibited only the darker Bi phase. Phase
identification was based on the identification of crystal structures in a few selected
nanoparticles, complemented with XEDS quantification of many nanoparticles
(further details are given in Paper I). Finally, X-ray diffraction studies of high-density
nanoparticle depositions confirmed that the nanoparticles generated in the Na/H,
mixture consisted almost entirely of Bi, whereas the nanoparticles generated in N,
also contained Bi;O;. In addition, traces of Bi;O; was detected in nanoparticles
generated in the N»/H, mixture, and was attributed to the formation of an oxide layer
after deposition, which was found to grow slowly over time.

Simply adding H, prior to sintering was found to be less effictive than adding it at
generation, as was demonstrated by repeated mobility diameter scans at a sintering
temperature of 500 °C (Figure 4.14a). The mobility diameter did not change
significantly when H, was added prior to sintering, but remained centered around
40 nm. Furthermore, the nanoparticle morphology was very similar to that of
nanoparticles generated and sintered in N, (Figure 4.14b). Based on the identical size
and morphology, the nanoparticle composition is very likely the same, consisting of
Bi and Bi;Os. However, when H; was added during generation, a clear change in the
mobility diameter was observed when the H, flow was turned on and off. The
compaction of the nanoparticles showed a clear change in mobility diameter when H,
was present during generation.
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Figure 4.14. a) Mobility diameter for 12 repeated sintering scans at 500 °C when H> was introduced
during generation (blue) or prior to sintering (green), and b) TEM images of nanoparticles sintered in
the N2/H, mixture.
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Alloyed nanoparticles

There are three major pathways for atomic mixing in spark-discharge-generated
nanoparticles'': the use of different electrodes, homogeneous electrodes, or
heterogeneous alloy electrodes (Figure 4.15a-c). In a homogeneous alloy, atoms of
different elements are distributed uniformly, whereas in a heterogeneous alloy there
are phases of different composition'®. The simplest way to produce alloy
nanoparticles is to use two different electrodes, but typically results in nanoparticles
with mixed compositions, (Figure 4.15a) The nanoparticle composition would have
to be optimized using the process parameters>'®". Alloy electrodes offers a more
stable means of producing a homogeneous distribution of alloy nanoparticles™,
assuming the electrode composition is homogeneous on the size scale of the ablated
volumes (Figure 4.16b). This is especially true for immiscible metals associated with
heterogeneous alloys, where the homogeneity is limited by the crystallite size. One

method of creating fine heterogeneous alloys is to mix and sinter powders'®.
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Figure 4.15. Schematic of alloy metal nanoparticles created from: a) different unary metal electrodes, or
b) alloy electrodes. c) Compaction behavior and average Ag content determined with XEDS of
nanoparticles generated from pure metal (Ag and Au) and alloy electrodes.

In many applications it is not sufficient to simply form alloy nanoparticles; the homo-
geneity of the nanoparticle composition, and the size and shape must also be
controlled. A brief study was carried out on the compaction behavior of AgAu alloy
nanoparticles with different compositions (Figure 4.16¢). Differences were seen in
both the on-set of compaction and the compaction temperature, but the final particle
diameter remained similar (30 +2 nm). Nanoparticles from electrodes with
250 atomic percent (at%) Au started to compact already at room temperature,
whereas the more Ag-rich alloys did not start to compact until above 100 °C. Both
room temperature sintering of Au'* and the later on-set of compaction for Ag'”'®®
have been observed previously.
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To verify that the composition is indeed homogeneous between nanoparticles, and
that no clear ordering or segregation occurs in the nanoparticles, the composition was
analyzed using XEDS in combination with TEM. Both Ag and Au are fcc-structures
with similar lattice constants, a,g4= 4.09 A and ay, = 4.07 A, therefore, crystal
structure identification is not the best method to determine the composition of the
nanoparticles. However, the XEDS spectrum from Ag differs significantly from that
of Au and can be used for quantification. Quantification using XEDS showed close
agreement between the specified electrode composition and the average nanoparticle
composition (Figure 4.16d). The relatively small spread (standard deviation <3 at%
Ag), confirms that the nanoparticles produced had a similar composition. No clear
segregation was observed within the nanoparticles, but this may occur due to
differences, for example, in the heat of sublimation, affinity of gases, surface energy,
melting point, and strain energy'®. These are important effects, that must be
considered, and could possibly be exploited, in the engineering of alloy nanoparticles.
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5. Particle-assisted growth of [1I-V

nanowires

Overview of particle-assisted growth

A simple schematic of PAG and vapor-solid (VS) growth for GaAs and InAs nanowire
growth is shown in Figure 5.1. The metal nanoparticle and the group III species form
an alloy, causing the nanoparticle to grow and reshape. The solubility of group V
species (such as As and P) is typically very low in the seed metal, and thus an intake of
group V species incurs a negligible volumetric change. When critically supersaturated,
nanowire material nucleates and a bilayer (a layer of III-V dumbbells) precipitates at
the nanowire—substrate interface. III-V material is continuously supplied and spent
during nanowire growth, by direct impingement of group III and V species on the
nanoparticle, as well as through surface diffusion of group III species. VS growth will
also take place directly on the substrate and nanowire side-facets, but is typically
much slower than the particle assisted growth, resulting in structures with a high
aspect ratio.
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Figure 5.1. Schematic of particle-assisted growth. A metal nanoparticle alloys with the group III species,
supersaturates, and precipitates the III-V material.
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Thermodynamic driving force

The thermodynamic driving force for crystallization is the chemical potential
difference of the vapor phase and the solid phase, as was discussed in Chapter 2.
However, in MOCVD and Acrotaxy, the group III and V elements are not directly
supplied as a vapor, but are formed indirectly from the decomposition of precursors.
The chemical potential difference is huge, and decomposition is non-reversible,

Uprecursor > Upapor

In PAG, the particle acts as an intermediate phase between the vapor and crystal
phase, and the following inequality can be constructed:

uprecursor > uvapor > uparticle > ucrystal

This inequality states that for PAG to occur, the nanowire should be stable with
respect to the particle and vapor. A broken inequality would imply a scenario where
there is no thermodynamic driving force to supply the particle and nanowire with
more material. In such a case, the seed particle may etch the nanowire, or the nano-
wire may simply decompose. This may occur, for instance, when the nanoparticles
and substrate are annealed, or when the precursor supply is turned off to terminate
growth.

Rate-limiting steps

Nanowire growth can be regarded as a chemical reaction in which reactants such as
trimethylgallium (TMGa) and arsine (AsHs) form the product GaAs through a
sequence of reaction steps. Since these steps are sequential, the reaction is limited by
the slowest, or rate-limiting step. To understand what governs nanowire growth, and
what limits its growth rate, it is useful to consider the steps required for nanowire
growth.

The early works by Givargizov’®'® highlight four rate-limiting steps in the PAG of Si
from liquid nanoparticles: 1) mass transport through the gas phase, 2) chemical
reaction at the vapor-liquid interface, 3) diffusion in the liquid phase, and 4)
incorporation of the material in a crystal lattice. In the present work, liquid and solid
nanoparticles were used to grow III-V nanowires, and it is thus important to note the
following:
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e the rate of diffusion of solids is usually lower than for liquids due to their

lower diffusivity, and

e Si is mainly supplied by impingement, whereas group III elements (In and
Ga) can also be supplied by surface diffusion.

Bearing in mind the two points above, Givargizov’s steps can be modified to five
steps: 1) mass transport through the boundary layer, 2) precursor decomposition, 3)
surface diffusion, 4) diffusion in the liquid or solid nanoparticle, and 5) nucleation.

In the following sections, the above steps from precursor to nanowire are described to
provide the reader with an introduction to the processes that govern nanowire
growth. Mainly MOVPE is described, but this method has much in common with
Aerotaxy, since metal organic (MO) precursors are also used. More information can
be found in excellent reviews of PAG using liquid'®*'® and solid'”® seeds, and on
works describing theoretical models of nanowire growth'*®!7!=176,

Mass transport through the boundary layer

Precursors are transported in a carrier gas by an imposed pressure gradient between
the precursor source and the reactor. The exact flow dynamics in a typical MOCVD
or Aerotaxy reactor are complex, and only a few fundamentals are introduced here.
Considerable hydrodynamic theory is required for a more complete description'””.

In a vertical MOCVD reactor the carrier gas arrives perpendicular to the sample, and
spreads homogeneously around it, before flowing towards the outlet, as in the case of
the aerosol in a turned-off ESP described in Chapter 4. The gas slows down near the
sample due to viscous forces, and a stagnant boundary layer forms, through which
mass transport only occurs through diffusion. The susceptor (on which the sample
lies) is rotated at 30 rpm during growth, to improve the uniformity and reduce the
boundary layer thickness, &.

1
5, = 4 (piw)z.

Here, p is the density of the gas, and w the angular rotation rate of the susceptor. The
diffusion flux (J) of a precursor such as Ga through the boundary layer is described
by the equation below:

] — DGa(p;;a - péa)
RTS,
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where D¢ is the diffusivity of Ga species, and pjiq and p&, are the partial pressures
of Ga species in the carrier gas (*) and at the crystal (¢). When crystal growth is
limited by mass transport through the boundary layer, J is also proportional to the
crystal growth rate. However, nanowire growth rarely takes place at high enough
temperatures for mass transport through the boundary layer to be rate-limiting.

Figure 5.2 illustrates the desorption, mass transport, and reaction-limited regimes of
2D crystal growth. In general, reactions tend to dominate the overall growth rate at
low temperatures, which is where nanowire growth typically occurs, and there is a
strong temperature dependence. At intermediate temperatures, the reactions are no
longer kinetically hindered, and mass transport then limits the growth. At very high
temperatures, the vapor pressure of the material is high enough for the net desorption
of material.

log k

Mass

transport Reaction

Desorption

A
7

/T

Figure 5.2. Schematic of logarithmic growth rate versus inverse temperature showing the three common
regimes of 2D MOVPE growth. Nanowire growth typically takes place in the reaction-limited regime,
where precursor decomposition is incomplete, and nucleation barriers are significant. Adapted from
(Pohl 2013)'7,

Precursor decomposition

It is not sufficient to simply supply the precursors, but they must also decompose into
free group III and group V atoms that can be incorporated into the semiconductor.
Precursor decomposition due to heating is known as pyrolysis, which originates from
the Greek words pyro meaning fire and /ysis meaning separating. The precursors used
in the present work were TMIn, TMGa, and AsH3, which are group III and V atoms
bound by ligand methyl radicals or H atoms.

Studies on GaAs growth in MOCVD have shown that TMGa and AsHj; start to de-
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compose at 325 °C, and are fully decomposed at 480 °C and 525 °C, respectively'”.
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However, both precursors fully decompose at temperatures below 450 °C when a gas
mixture containing both TMGa and AsHj is supplied'®. Precursor decomposition is
therefore affected by the relative supply of the group III and V precursors, or the
V/II ratio. Similarly, early Aerotaxy experiments showed that the decomposition of
AsH; starts at around 200°C in the presence of Ga nanoparticles™'. TMIn
decomposes at lower temperatures than TMGa, beginning at 250 °C, and is fully
decomposed at about 400 °C'**.

The precursor decomposition rate is often much higher at III-V surfaces'® and at a
Au seed particle’® "% than in the gas phase. In fact, catalyzed precursor
decomposition was initially suggested to be the main reason for the high nanowire
growth rates from liquid Au nanoparticles'®. However, increased decomposition
cannot be the sole reason why nanowires grow, as PAG would then not work in non-
chemical vapor deposition (CVD) techniques such as molecular beam epitaxy
(MBE)'® and chemical beam epitaxy'®’, which take place under high vacuum.

Surface diffusion

Surface diffusion is an important transport mechanism in the PAG of III-V nano-
wires'®. A solid surface in contact with a vapor is constantly being bombarded with
molecules of the vapor. A fraction of the impinging molecules will be adsorbed onto
the surface either weakly (physisorption) or strongly (chemisorption). An adsorbate
may be a partially or fully decomposed precursor which contributes to growth if it
reaches a suitable nucleation site before it desorbs, but can also be a non-growth
species, such as H,. Surface diffusion is an activated process and follows a simple
Arrhenius relation:

D = Dyexp —%
where D is the diffusion coefficient, Dy an exponential pre-factor, and Egjrf the
activation energy for diffusion. When the thermal energy (kT) is high, an adsorbate
may overcome Egirr and diffuse in Brownian (random) motion along the surface,
which increases its diffusion length (1). However, with increasing temperature, also
the rate of desorption increases, which limits the diffusion length'.

For example, As species desorb very rapidly and Ay is often regarded as being
negligible compared with A, and A;,,, which may be several pm'®®. Therefore, 1 is a
critical parameter that greatly affects the supply of material to the nanoparticle, and
can be expressed as in the following equation:
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Edes - Ediff

A= 2,exp kT

Where 4q is the effective elementary jump distance, and Ege5 the activation energy
for desorption. In general, Eqes > Egiff, hence, 4 increases at low temperature, until
the thermal energy allows significant desorption. Similar to the 2D growth rate
regimes presented previously in Figure 5.2, this results in a desorption and a burial
regime for A (Figure 5.3a).

PR A=100nm
E /..." Edes - Edif‘f 3
i 2k T T _
<|2kT B 5 J=2R(1+Mr)
£ <
E
o
G)
Desorption Burial A=T1nm
1T > 0 20 40 60 80 100

Nanowire radius (r)

Figure 5.3. a) The diffusion length (1) of an adsorbate is limited by desorption at high temperatures and
by burial at low temperatures. Adapted from (Smith 1995)"". b) Schematic of a nanowire that is longer
than the diffusion length.. ¢) If nanowire growth is limited by surface diffusion, the growth rate (J) is
dependent on A/r. Note: the Gibbs—Thomson effect and VS growth have been excluded.

In nanowire growth using MOCVD, a considerable proportion of the group III
supply may originate from surface diffusion'’""®">. The area within a diffusion
length of the seed particle is known as its collection area, and may differ between
nanowires of different height or width. A wider nanowire has a smaller collection area
(in comparison to the growth interface) than a thin nanowire. Therefore, when the
nanowire growth rate is limited by surface diffusion, a thin nanowire will grow faster
than a thick nanowire'""”* (Figure 5.3c). The surface-diffusion-limited growth rate
(J) of a nanowire that is longer than A4 (Figure 5.3b and ¢), from a hemispherical
nanoparticle with radius 7 is described by:

J =2R(1+2)

where R is the arrival rate of growth species per unit area, and the equation is
governed by the geometric relation between the collection area and the growth
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interface'>'”. If the collection area extends to the substrate, the collection area and
growth rate also become dependent on nanowire length. In such a case, nanowires can
have overlapping collection areas, and will compete for material'*.

Diffusion in the liquid or solid nanoparticle

The reactants (III-V material) can diffuse through the nanoparticle (by bulk
diffusion) or along the particle—crystal interface (by interface diffusion) to contribute
to nanowire growth'” (Figure 5.4a and b). Diffusion through the seed particle has
previously been modelled for nanowire growth from liquid'*® and solid'”>'*"'*
nanoparticles. However, the models involve the solution of Fick’s law in different
geometries, and the mathematical details are outside the scope of this thesis. Only a
rudimentary treatment is given here to allow for a qualitative discussion.

Figure 5.4a shows a schematic of PAG of a nanowire by the nucleation and
propagation of a step flow'”*?%. The concentration of the limiting growth reactant
(for instance, Ga, In, or As) is highest at the particle—vapor surface, and lowest at the
particle—crystal interface. Once a step has been formed, it propagates by the sequential
addition of material, which leaves behind a terrace of newly nucleated material
(Figure 5.4b). Interface diffusion occurs either on the top (Figure 5.4b) or the bottom
terrace (Figure 5.4¢). Since there is a concentration gradient within the particle,
interface diffusion from the top terrace (J¢op) will gradually decrease, whereas the
interface diffusion from the bottom terrace (Jpottom) increases as the step propagates.
Furthermore, the length of the step is not constant for a step flow, but first increases
before it decreases due to the geometry of the particle-crystal interface (Figure 5.4d).

b) ce ¢)
k" Jbottam
<—
d) Limiting reactant
concentration
® High
Low

Figure 5.4. Illustration of step flow in PAG of a nanowire, color-coded with the limiting reactant
concentration from a) bulk diffusion. b) Initial step formation and propagation with material supplied
by interface diffusion on the top (]mp) and bottom (J,¢t0m) terrace. ) side view and d) top view.
Black circles depict the diffusion of a limiting reactant.

Bulk
diffusion
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There are reports of nanowires grown inside a TEM, allowing in-situ characterization
of the nanowires and nanoparticles. In-situ TEM studies have not been available in
this work, but reports of PAG from liquid®*'** and solid"”~°" nanoparticles have
shown different step-flow dynamics. Typically, nanowire growth from liquid
nanoparticles exhibits a waiting period between rapid step flows, whereas nanowire
growth from solid nanoparticles tends to proceed by continuous, but slow step
flows*”. This can be explained by the lower diffusivity or solubility in a solid than in
a liquid.

Nucleation

In Chapter 2, it was shown that the nucleation rate scales with the inverse exponential
of the nucleation barrier, and that the nucleation barrier can be lowered further by
certain surfaces This can be applied to compare the different nucleation sites relevant
in PAG. The most relevant sites are the: 1) substrate—vapor and 2) particle—crystal
interfaces, and 3) the particle—crystal-vapor boundary (Figure 5.5)

a)

Vapor

Figure 5.5. Schematic illustrating nucleus formation at various sites: 1) substrate—vapor, 2) particle—
crystal, and 3) particle—crystal-vapor. a) Side view and b) top view.

According to Wacaser'”?, the change in Gibbs free energy (AG) upon forming a
nucleus on an atomically smooth facet at locations 1 to 3 can be written as:

AGy = —nlpye + Phyy,
AG, = —nlpy. + Phyy,

AG; = —nlpy, + Ppchypc + Bychyye
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where Ay is the chemical potential difference per n atoms added to the nucleus, P the
nucleus perimeter, and y an interface energy between two of the three phases, vapor
(v), particle (p) and crystal (c). A thermodynamic driving force for PAG growth
requires that pyc > e, thus for the nucleation barrier at the nanowire growth
interface to be smaller than the nucleation barrier at the substrate (AG; > AG,) , it is
necessary that ¥, > ¥pc. In addition, since supersaturation is highest in the vapor,
the simple relations indicate that the nucleation barrier is lowest at the triple-phase
boundary between the particle, the crystal and the vapor, as the nucleus can adjust to

minimize the contributions from ¥, and y,,¢ 7>

The assumption of a flat interface is a crude simplification, and studies of nanowires
grown in modified transmission electron microscopes has iz situ revealed a
periodically changing morphology at the growth interface’®”. For many liquid seed
metal systems, including Al-seeded a-Al,O5* and Au-seeded Ge?”, Si, GaAs and
GaP*™%, a truncated corner has been observed at the triple-phase boundary during
nanowire growth. The truncated corner has also been observed in nanowire growth
from solid Cu nanoparticles®”. The volume of the truncated corner is known to
oscillate with the supersaturation of the nanoparticle, being large when the
supersaturation is high, and diminishing rapidly after the nucleation and step flow of
a new bi-layer’”. It has been speculated that the volume of the dissolved corner
corresponds to the number of atoms of a single step flow, and that the truncation
provides a pathway for low-solubility species to reach the growth interface?.
Arguably, the presence of a truncated corner questions the validity of a flat particle—
crystal interface, and additional research is thus required on interface dynamics.
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6. Nanowire growth techniques

In this chapter, the nanowire growth techniques used to grow nanowires in the
present work, namely MOVPE and Aerotaxy, are introduced. Both techniques use
MO precursors to ensure the controlled supply of III-V species to the growth
interface. Schematics of PAG using MOVPE and Aerotaxy are shown in Figure 6.1.
In MOVPE, nanoparticles are deposited onto a crystalline substrate, from which
nanowires grow epitaxially (crystallographically aligned). In Aerotaxy, the
nanoparticles are not deposited on a substrate, but remain in the gas phase, while
passing through a modified CVD reactor, or Aerotaxy reactor to form nanowires that
are later deposited.

a) Epitaxy b) Aerotaxy
° .o g 4 .: o
oe .'. v %
N
Time > Position in reactor 4

Figure 6.1. Schematics of the two nanowire growth processes used in the present work: a) Metal organic
vapor phase epitaxy (MOVPE) for epitaxial growth of III-V nanowires from metal nanoparticles on
substrates, and b) Aerotaxy for gas-phase synthesis of III-V nanowires from airborne metal nanoparticles.

Metal organic vapor phase epitaxy

The birth of MOVPE is often attributed to the pioneering work by Manasvit et al.*®
in the late 1960s, who grew compound semiconductors of II-VI, III-V, and IV
materials as single crystals on various substrates. In the early 1980s, MOVPE
competed with MBE for the production of compound semiconductor materials in
commercial devices. Initially, the devices grown with MBE had superior properties to
those made with MOVPE. Problems, such as compositional graded heterointerfaces
were encountered in MOVPE due to recirculating gases, but with improved reactor
designs atomically sharp interfaces eventually became possible. Furthermore, MOVPE
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suffered from carbon contamination from the MO precursors, resulting in poor
device performance. It was found that the presence of atomic H from, for example,
decomposed AsHj3, greatly reduced the amount of carbon incorporation®””. Nowadays,
devices produced with MBE and MOVPE are of similar quality, but MOVPE
remains more suited for large-scale production of, for example: LEDs, photocathodes,
solar cells, transistors and integrated circuits. AIXTRON, a leading MOCVD
manufacturer, delivers a MOCVD reactor, “AIX R6”, capable of high-volume and
cost-efficient growth of 121x2" wafers for GaN LED fabrication'”.

Experimental setup — AIXTRON 3x2” close-coupled showerhead

The MOCVD machine used in this work was an AIXTRON 3x2" close-coupled
showerhead (CCS) reactor (Figure 6.2a). The CCS provides a water-cooled gas inlet
that allows the group III and V precursors to be introduced through separate
openings near the sample, to reduce premature precursor mixing and decomposition.
During growth, the III-V substrates rest on the heated, rotating susceptor. Beneath
the susceptor is a resistive heater with separate heating zones.
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Figure 6.2. a) Schematic of the AIXTRON 3x2"” CCS MOCVD reactor, gas flow is controlled with mass

flow controllers (MFCs). b) Temperature profile for the growth of GaAs nanowires (Paper II).

Before growth commences, one or several substrates with nanoparticles are inserted
into the reactor. In this work, the nanoparticles were generated exclusively in the
SDG, and deposited with a controlled nanoparticle density and size. Other groups
tend to use other nanoparticle preparation techniques, for example, annealing of thin
metal films to form clusters of nanoparticles or dispersion of colloidal
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nanoparticles’’’. A disadvantage of aerosol-deposited nanoparticles is the lack of
position control, which is achievable with the other two techniques if used in
combination with lithography. Advantages include a great flexibility and purity of the
choice of seed metal, and high control of both the particle diameter and density.

The growth parameters are set according to a user-written growth recipe that consists
of three main stages: annealing, growth, and cooling. Figure 6.2b shows the
temperature profile for the growth of GaAs nanowires using the AIXTRON 3x2"
CCS (Paper 1I). After annealing, the temperature and group V concentration are set
according to the growth recipe. When the temperature has stabilized, the group III
flow is supplied, and growth is assumed to have begun, and to have stopped when the
group III flow is turned off. There may be a short incubation time before the
nanowire nucleates, and residual group III species (in the reactor and the seed
particle) can allow nanowire growth to continue after the supply has been turned off.
Therefore, the set growth time may differ from the actual growth time. During
incubation, the nanoparticle composition changes and the nanoparticle becomes
sufficiently supersaturated for growth to commence.

Three different temperatures are presented in Figure 6.2b: the set temperature defined
by the recipe, the temperature readout from the thermocouple during growth, and
the sample temperature. The thermocouple is positioned beneath the susceptor
located near the heater, and its temperature closely follows the set temperature.
However, the sample is placed on the susceptor, further away from the heater, and the
sample temperature is therefore expected to be slightly lower than the set temperature.
The sample temperature is the reflectometry-calibrated temperature of a heated GaAs
substrate. However, the calibrated sample temperature may differ from the actual
temperature at the nanowire growth front, since the flow of precursors and chemical
reactions may affect the temperature in complex ways. At higher temperatures
(>600°C) there is a discrepancy of about 60 °C between the thermocouple
measurement and the sample temperature. There is no consensus regarding which
temperature should be reported. In Paper II, the set temperature is given, whereas in
Paper III the sample temperature is given as the “real” temperature, but it is generally
accepted that growth parameters are not directly transferrable between growth
reactors.

Annealing nanoparticles on III-V substrates

In order to remove the native oxide of the III-V substrate, as well as potential organic
residues®'’, the III-V substrates decorated with metal nanoparticles are heat-treated
briefly in the MOCVD chamber. This heat treatment is known as annealing. To
prevent GaAs or InAs from decomposing during annealing or cooling, AsHj; is
typically supplied when the temperature exceeds 300 °C.
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Annealing can have undesired effects on the nanoparticle distribution, since at
elevated temperatures the nanoparticles can move®'"*'?, evaporate, or alloy with the
substrate®”’. When the interactions between metal nanoparticles and semiconductor
surfaces are unknown it is necessary to verify that the nanoparticles survive the
annealing step. In the present work, it was observed that low-melting-point metals
such as Pb, Bi, and Sn were sensitive to the annealing temperature, and disappeared
from GaAs when annealed and exposed to AsHs. Higher-melting-point metals, such
as Au, Co, Pd, Pt, and Rh usually remained on the substrate after annealing. As the
nanoparticles are randomly positioned, it was not possible to determine whether they
moved or not. A low-temperature nucleation step or containment of the nanoparticles
in a patterned oxide could be tried to prevent nanoparticle movement*'**".

Figure 6.3 shows SEM images of 30 nm Pd nanoparticles on GaAs (111)B substrates
before and after 7 minutes of annealing at a set temperature of 680 °C. Considerable
reshaping has occurred, but the nanostructure density remains similar. This has not
been studied in detail, but it is possible that the nanoparticle alloys with the substrate
and moves around*"*. During cooling, the nanoparticles precipitate GaAs to form the
larger nanostructures visible in Figure 6.3 b).

Figure 6.3. SEM images of Pd nanoparticles (top view): a) as initially deposited on GaAs(111)B
substrates, and b) after 7 minutes of annealing at 680 °C in the presence of AsHs.

Reconstructing the time-evolution of a nanowire

The development of a nanowire can be reconstructed by running a growth recipe
with a series of growth times, which is referred to as a time-series. In the work
described in Paper III, it was desired to grow a high yield of vertically aligned InAs
nanowires and to gradually accumulate In in the nanoparticles. The average particle
diameter was found to increase over time (Figure 6.4a, red line), but the nanowire
density decreased (blue line). The statistical data were collected by imaging hundreds
of nanostructures per data point, and SEM images of typical nanostructures illustrate
the nanowire development, see Figure 6.4b). The length of the vertical nanowire
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segments can be used to estimate growth rates or to study the time-dependent or
radius-dependent growth rate (Figure 6.4¢).
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Figure 6.4. a) Statistical analysis of particle diameter (red) and vertical nanowire density (blue). (Some
data points have been removed to reduce cluttering.) b) SEM images of a 30 nm Pd nanoparticle, and
Pd-seeded InAs nanowires for different growth times (tilted 30 °). The first two images show a deposited
nanoparticle and an annealed nanoparticle. ¢) Length of vertical nanowires as a function of growth time.

(Adapted from Paper I1II.)

It is important to bear in mind that such a time series is a reconstruction of the
development of a nanowire, and is not identical to an observation of a nanowire
in situ. The nanowire length, diameter and growth rate can be determined i situ
using optical reflectometry, but this requires well-known samples with a high degree
of homogeneity”””. If a mass spectrometer is connected to the MOCVD reactor, it
would be possible to investigate the precursor decomposition, in contrast to only
monitoring what is supplied®'°.
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Aerotaxy

Aerotaxy was first reported for the growth of GaAs nanocrystals from Ga aerosol
nanoparticles, heated in the presence of AsHj in a modified CVD reactor®'’. Without
a supply of group III material, nanoparticle growth ceases when the Ga reservoir in
the nanoparticle has been spent in forming GaAs. To grow nanowires, it is beneficial
to use a seed particle that is not consumed during nanowire growth, as has been done
for gas-phase growth of Si nanowires from Fe, Au, and Ni nanoparticles*’®. The
method used is known as laser-catalyzed growth, where a pulsed laser evaporates a slab
of Si with traces of a seed metal, to form a supersaturated vapor of metal and IV
material. The technique was later extended to include III-V, and II-VI
*and the size selection was refined by separating the catalyst
formation step from the laser ablation step®”. Today, size-selected foreign metal
nanoparticles are also used in Aerotaxy for the continuous growth of III-V nanowires
under the presence of group III and group V precursors’**'**

semiconductors

Experimental setup — Aerotaxy Gen 3.5

The Aecrotaxy reactor used in this work is known as the Gen 3.5, and is the latest
Aerotaxy reactor at Lund University. In contrast to MOCVD, which is used
worldwide for research and commercial applications, Aerotaxy is only used in Lund.
In addition to the Gen 3.5 reactor, more advanced reactors, capable of generating
higher volumes of nanowires for solar cell applications, have been developed. These
reactors are the property of the Lund University spin-off company Sol Voltaics®, and
were not available for this work.

In Aerotaxy, the aerosol nanoparticles are typically generated with an evaporation
furnace or an arc source, but in the present work the SDG was used to provide greater
flexibility in the choice of seed metals. The aerosol system described in Chapter 4 was
used to produce compact size-selected nanoparticles (Figure 6.5a), and the
nanoparticles were directly transported to the Aerotaxy reactor (Figure 6.5b).
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Figure 6.5. Schematic of the Aerotaxy Gen 3.5 reactor. a) Nanoparticles are generated with the aerosol
system described in Chapter 4 and delivered to the Aerotaxy reactor, b), where they first alloy with group
I1I species before nanowire growth commences.

There are three temperature-controlled zones in the Gen 3.5 Aerotaxy reactor. The
first is the alloying zone where the group III precursor starts to decompose and alloy
with the nanoparticles. The second is the growth zone, where the group V precursor
is injected, and the growth temperature is set. The third is a cooling zone where the
temperature can decrease gradually. The Aerotaxy reactor is a concentric flow reactor
and consists of multiple heat zones and precursor inlets. For a simple undoped binary
semiconductor such as GaAs, TMGa is supplied before the alloying stage, and AsHj; is
supplied between the alloying and growth stages. The nanoparticles are transported
by an inert carrier gas, N,, which is separated from the reactor walls by a sheath flow.
This confines the aerosol and precursors to a central channel, which reduces
interactions with the hot reactor walls, and allows some tuning of the diameter of the
central channel. In principle, this can be also used to tune the time the aerosol
remains in the reactor.
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7. Particle composition and its
effects on nanowire morphology

PAG proceed by either the vapor-liquid-solid (VLS) or vapor-solid-solid (VSS)
growth mechanism, depending whether the particle is liquid or solid during growth.
The names refer to the pathway of the semiconductor species, which adsorb from the
vapor, dissolve and diffuse through the liquid or solid particle and finally precipitate
as a solid at the particle—crystal interface. The PAG mechanism was discussed in
Chapter 5, and some differences in the nanowire growth mechanism can be expected
between VLS and VSS. In this chapter, the factors that govern the nanoparticle phase
and how it may affect nanowire morphology are discussed in relation to the results
presented in Papers II and III. Finally, some unpublished Aerotaxy results on Au,
AgAu- and Ag-seeded GaAs are briefly presented.

Eutectic systems

Many metals that have been considered as seeds for nanowire growth have a melting
point that is 100s to 1000s °C above the growth temperature; therefore, as pure
elements they are solids during nanowire growth. However, the metal alloys with
semiconductor species during nanowire growth, which often lowers the melting
point, sometimes sufficiently for it to melt at the growth temperature.

The binary phase diagrams of Si and potential seed metals provide an idea of how the
seed metal phase is governed by its composition and temperature. In the present
work, the seed was alloyed with group III and V elements, which forms a more
complicated ternary system, and therefore, the limitation of a binary phase diagram
description are discussed later in the chapter.
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Si—seed metal systems

A schematic eutectic binary phase diagram of Au and Si is shown in Figure 7.1a. The
term eutectic originates from the Greek ex meaning easy and reksis meaning melting.
The name is well chosen, since at the eutectic composition of 17 at% Si and 83 at%
Au, the mixture melts at 370 °C, which is more than 600 °C below the melting
temperature of Au, and almost 1000 °C below that of Si. Si also forms eutectic
systems with other transition metals and group III metals, but the eutectic melting
temperature is usually higher than with Au. The few exceptions are the low-melting-
point metals with a eutectic composition below 1 at% Si, e.g., Cd, Ga, In, and Zn,
where the eutectic melting point is very close to the melting point of the pure metal
(Figure 7.1b and ¢). Other metals often form higher-melting-point eutectics with Si
(e.g., Ag, Al, Co, Cu, Ir, Ni, Pd, Pt, and Rh) (Figure 7.1b, d, and ¢). The choice of
semiconductor and precursor governs the temperature range in which nanowire
growth can proceed, and only a few metals form sufficiently low temperature eutectic
systems to melt under typical nanowire growth conditions.
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Figure 7.1. Binary phase diagrams for seed metals and Si, that highlights the liquid (L) + Si, and L
regions. a) Eutectic system consisting of Au-Si. ¢) Low-solubility eutectic of In-Si, higher-melting-point
eutectic d) without intermetallic compounds (Ag-Si) and ¢) with intermetallic compounds (Pt-Si). b)
Melting points and eutectic melting points for metal-Si systems.
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For the Au-Si system, there are no intermetallic compounds, and a binary mixture of
Au and Si is limited to a combination of the three stable condensed phases: liquid
(L), fcc-Au and diamond-Si (Figure 7.1a). Hence, when a liquid or solid Au-Si alloy
is supersaturated with Si, the Si simply precipitates. However, when a system contains
intermetallic compounds the description becomes more complicated. An intermetallic
compound has a crystal structure that differs from those of its pure components.
Therefore, for example, when a liquid or solid PtSi alloy is supersaturated with Si,
either an intermetallic compound or Si may be precipitated, depending on its
composition. For example, consider the two eutectic melts illustrated in Figure 7.1e
with 20 at% Si and 66 at% Si, where only the latter eutectic neighbors the Si phase. A
eutectic melt with only 20 at% Si can precipitate numerous intermetallic compounds
before the Si phase becomes the only energetically favorable phase, whereas in the
second case with 66 at% Si, the Si can be precipitated directly.

Limitations of a binary phase diagram

For III-V nanowire growth, the metal nanoparticle is supersaturated with group III
and V elements. The phase diagrams of seed metals and group III metals are often
qualitatively similar to those presented previously for Si. Typically, group V elements
(such as As) have a low solubility in the seed metal, and in the present work no As
phases in Au, Pd, Pb, or Co nanoparticles were identified after growth. Therefore, the
seed particle in III-V nanowire growth is often described by a simple binary phase
diagram for typical seed metals and group III elements (Ga or In). For low As
concentrations the effect on melting point is small**%, but there are reports on seed
metals that post-growth consists of an As phase when, for instance when using Ag” or
Sn” seeds.

A phase diagram treats the thermodynamic equilibrium of a bulk system as a function
of the actual temperature and the actual composition. During nanowire growth, the
nano-scale system is not at thermodynamic equilibrium. It is also naive to assume that
the growth temperature or post-growth is identical to the temperature of the
nanoparticle and composition during growth. Moreover, for III-V nanowire growth,
some group V material must be dissolved in the nanoparticle, for the nanoparticle to
become supersaturate, which may further change the thermodynamic equilibrium.
These complications make it difficult to determine the nanoparticle phase reliably
based on the phase diagram of the group III element and seed metal, growth
temperature, and post-growth composition.
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Tuning the nanoparticle composition

Figure 7.2 shows the binary phase diagrams of Au-In and Pd-In, at the growth
temperature of 365 °C (Paper III). The convention is to refer to the components of
an alloy in alphabetical order, but in Figure 7.2b) it is reversed to facilitate a direct
comparison with Figure 7.2a). Both metals form intermetallic compounds with In,
and there are several eutectics, but the Pd-In has a significantly higher melting point.
Note, the similarity to the Si phase diagrams shown in Figure 7.1, with the drastic
reduction in melting point with increasing Si or In concentration, but remember that
there are no III-V phases in these binary diagrams. To treat what compositions that
are possible to supersaturate with the III-V a ternary description is required.

1600 Au-In system 1600 Pd-In system

In,Pd. In Pd,
+

+
npPd, L

0 20 40 60 80 100 0 20 40 60 80 100
Indium concentration (at%) Indium concentration (at%)

Figure 7.2. Binary phase diagrams of a) Au-In and b) Pd-In. The growth temperature of 365 °C is
indicated by the dashed line, and the In-rich region is indicated in red.

The growth temperature is clearly below the eutectic melting points, except for the
In-rich eutectic at >99 at% In. For Au-In or Pd-In alloys to melt completely at the
growth temperature, the In concentration must exceed 94 at% with Au and 99 at%
with Pd. However, for the liquid phase to be stable at the growth temperature, it is
sufficient for the In concentration to be above that of the most In-rich compound at
the growth temperature (Auln, and In;Pds). This composition is indicated in red in
Figure 7.2 and such compositions are referred to here as In-rich.

Seed metals alloy differently with In, and the minimum In concentration in an In-
rich alloy therefore varies. For example, the In-rich concentration (at 365 °C) begins
at 66 at% In with Au, whereas with Ag, it starts at about 35 at% In, and at 70 at% In
with Pd and Pt. Similar observations can be made for metals alloyed with Ga to form
Ga-rich alloys. Therefore, based on the binary phase diagram, increasing the group III
concentration of the seed metal appears to be a generally applicable strategy to bring
about melting of even the most high-melting-point seed metals. Group IIl-rich seed
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particles, can thereby offer a pathway for VLS nanowire growth from a wide variety of
seed metals.

In the study presented in Paper III, InAs nanowires were grown from Au and Pd
nanoparticles. The relative supply of precursors was changed to control the group III
concentration in the nanoparticle (Figure 7.3a). The relative supply of precursors is
referred to as the V/III ratio, or nominal V/III ratio if necessary to distinguish it from
the effective V/III ratio that enters the nanoparticle. Growth at a low V/III ratio leads
to the accumulation of In in the nanoparticle, causing it to grow and become more
In-rich over time (black line in Figure 7.3a). This can be compared to growth at a
high V/III ratio, which leads to depletion of In from the nanoparticle until the In
concentration stagnates as it approaches that of an intermetallic compound (red line
in Figure 7.3a). The rate of In accumulation or depletion can be reduced to almost
zero by carefully controlling the V/III ratio, allowing a near-steady-state particle size
to be achieved (green and turquoise lines in Figure 7.3a).
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Figure 7.3. a) Particle diameter of 30 nm Pd nanoparticles after nanowire growth at different V/III ratios
as a function of growth time. Note, all experiments began with 2 minutes of growth at a V/III ratio of 5.
b) Relationship between nanoparticle diameter and expected In-concentration of 30 nm Pd seeds.

If the initial size of the nanoparticle is known, the In concentration in an alloy
nanoparticle can be approximated from the increase in particle volume (Figure 7.3b).
In the present work, the density of the alloy was approximated from linear inter-
polation between the density of Pd and In. By tuning the V/III ratio, the particle size,
and thus the composition, can be tuned reversibly. Phase transitions may occur when
the composition changes; for example, if this takes place near the In-rich eutectic,
many seed metals such as Pd, will show transitions between liquid, liquid—solid and
solid (Figures 7.2 and 7.3b). Of course, the particle size is only a crude approximation
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of its composition, and the nanoparticle composition must also be confirmed with
other techniques such as TEM (see Paper III).

Nanowire morphology

A common difficulty encountered in studies on the effect of the seed particle lies in
finding growth parameters for homogeneous and controllable nanowire growth. To
illustrate this, SEM images of nanowires grown from Pd-seeded InAs at different
group V flow and growth temperatures are shown in Figure 7.4. The details of the
structures or the actual growth conditions are unimportant, but it important to know
that a difference in morphology can be triggered by a temperature change of a few °C,
or by tuning the V/III ratio by a few percent. Predictive models of which growth
parameters to use are lacking, especially for III-V nanowires, and developing growth
parameters for a new material system requires meticulous optimization to find
appropriate growth parameters.

Figure 7.4. SEM images after growth from 30 nm Pd nanoparticles under various InAs growth
conditions (tilted 30° seen from above).

Au and Pd nanoparticles were used as seeds for GaAs and InAs nanowires (Paper 11
and III). It was found that it was necessary to tune the nanoparticle composition to
control the nanowire morphology and growth direction. Nanoparticles with a high
group III concentration (In or Ga) were associated with vertical nanowires, whereas
nanoparticles with a group III concentration near that of an intermetallic compound
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(Aulny, In,Pds, and GaPd;) were associated with uncontrolled growth directions such
as those shown in Figure 7.4c¢).

In the present work, nanowire growth from various metals was investigated using
MOCVD, including: Au, Bi, Co, Rh, Sn, Pb, Pd, and Pt. Each metal has different
material properties and behaves very differently as a seed in nanowire growth. Several
substrates with different seed metals, as well as blank substrates without seed metals,
were employed for side-by-side growth. The nanoparticles were deposited with a
similar density and diameter to ensure that any differences observed in the resulting
nanowire morphology were not due to the effects of particle distribution. However,
even with similar particle distributions, a shared growth regime with homogeneous
nanowire growth was rare. A shared growth regime refers to growth parameters that
yield similarly well-controlled nanowire growth, mainly referring to a large fraction of
vertically aligned nanowires with similar dimensions. Without a shared growth regime
and homogeneous nanowire distribution, it is difficult to characterize and compare
nanowires from different seed metals, which hampers the development of alternative
seed particles.

Curly, inclined and vertical nanowires

Nanowires grown from Pd nanoparticles have been reported to be straight if the
nanoparticle is small, whereas nanowire growth direction and morphology are
random for larger nanoparticles’*. It has been argued that smaller nanoparticles have
a lower melting point and higher solubility of group III species’****, and a recent
report also confirms a higher group III concentration in smaller nanoparticles after
growth™. However, there were no reports of any attempts to control the particle size
or composition with the aim of obtaining uniform nanowire morphology.

The effect of growth parameters on nanowire morphology was studied for Pd-seeded
GaAs nanowires (Paper II). Three nanowire morphologies were identified:
uncontrolled curly nanowires, inclined straight nanowires and vertical straight
nanowires (Figure 7.5). The relative yields of the three morphologies were found to
be controllable with growth parameters; high growth temperatures and low V/III
ratios promoting straight nanowire growth. It was found that under growth
conditions resulting mainly in straight and vertical nanowires, the nanoparticles had a
higher Ga concentration (~70 at% Ga), than nanoparticles from growth conditions
resulting mainly in curly nanowires (~43 at% Ga). This suggests that a higher Ga
content is beneficial for straight nanowire growth. It was proposed that the curly
nanowire morphology was seeded by a solid nanoparticle, whereas the straight nano-
wires may have had liquid nanoparticles during growth.
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Figure 7.5. SEM images of three nanowire morphologies: a) curly, b) inclined, and c) vertical nanowires
(tilted 30 ).

A large growth parameter space was investigated, and curly nanowires were by far the
most common; vertical nanowires only being seen in a narrow growth window. Even
when all the nanowires were vertical, the yield of nanowires was very low, indicating
that a better technique is required to achieve high yields of vertically aligned Pd-
seeded nanowires.

The curly nanowires were found to have an anisotropic particle—crystal interface and
the nanowires were riddled with crystallographic twins (Paper II). Since a nanowire
grows by a series of step flows across the particle—crystal interface it is likely that a
poor interface between the particle and crystal is detrimental to a stable growth
direction. A curly nanowire may eventually form a good interface with the particle,
and continue in a stable growth direction for a long time. This was sometimes
observed, with both SEM and TEM. Therefore, to control the nanowire growth
direction with solid nanoparticles, it is necessary to increase the control of the
interface that forms between the nanoparticle and the substrate.

Morphology control with In-rich Pd- and Au-seeded InAs

Figure 7.6 shows side-by-side growth of InAs nanowires from 30 nm Au and Pd
nanoparticles. Almost identical nanowires could be grown from both seed particles by
controlling the In concentration of the seed particles. Vertical nanowires were
achieved by maintaining the In concentration above that in the In-rich compounds
(Auln; and In;Pd;). Large nanoparticles tended to result in a kink in the nanowires
and they continued to grow in a new direction (Figure 7.6b and f). This is most
undesirable, as it is not possible to control the direction of the kink. By careful
balance of the V/III ratio, the size of the nanoparticle could be approximately
maintained, and the vertical nanowire morphology reserved (Figure 7.6¢ and g).
When the In concentration was reduced below a critical value, near that of the In-rich
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compound concentration, the initially vertical nanowires kinked, but continued

growing with a curly morphology (Figure 7.6 d and h).

Steady

state Depletion

Stem Accumulation

S5minV/Il=20  V/II 20

Figure 7.6. SEM images from PAG using In-rich nanoparticles with 30 nm Au (a-d) and Pd (e-h)
nanoparticles grown side-by-side in the same growth chamber, on different substrates. Growth at
different V/III ratios resulted in the accumulation or depletion of In in the nanoparticle, triggering
changes in nanowire morphology. (Images tilted by 30°)

A high degree of similarity in nanowire morphology between the two seeding particles
is strong evidence of a shared growth mechanism. This level of control of the
nanowire morphology for simultaneous growth from different seed metals is, to the
best of the author’s knowledge, unprecedented in I1I-V nanowire growth.

A detailed comparison of the particle diameter and composition, and identification of
the constituent phases led to the conclusion that the transition from vertical to curly
nanowire morphology was due to a phase transition of the seed particle. The vertical
morphology was associated with a two-phase nanoparticle, whereas the curly
morphology was the result of a single solid phase. This implies that the stability of the

liquid phase is important to prevent curly nanowire morphology.
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AgAu seed particles to reduce the cost of Aerotaxy

In recent years, research in Aerotaxy has focused on the development of GaAs and
GaP nanowires with controlled doping?>**, and ternary compositions’?, enabling
both high-throughput and low-cost production of p-n diodes''***, useful for
industrial-scale production of nanowire-based solar cells. However, considering the
high cost of Au (35 €/g), and the fact that only a fraction of the aerosol produced is
size-selected, the price of the metal will be a considerable drawback in large-scale
production. The cost of the seed particle could be decreased by several orders of
magnitude by using cheaper metals, such as Ag (0.5 €/g), Sn (29 €/kg) Ni (19 €/kg),
Cu (8 €/kg), or Fe (25 €/ton)**®. Unfortunately, changing the seed metal usually leads
to significant complications in nanowire growth. Therefore, an investigation of Au
alloy nanoparticles, where the material cost depends mainly on the amount of Au in
the nanoparticle, is motivated. A 50:50 at% Ag—Au alloy corresponds to a 35:65 wt%
Ag—Au alloy, and the cost of such an alloy is about one-third less than that of pure
Au.

Figure 7.7 shows GaAs nanowires seeded with Au, AgAu, and Ag nanoparticles,
grown with Aerotaxy. Seeding with AgAu nanoparticles yields remarkably similar
nanowires to those resulting from seeding with Au (Figure 7.7a-1). The striking
similarity at growth temperatures between 500 and 620 °C shows that the Au
concentration in the AgAu nanoparticles could be decreased with 50 at%, with little
effect on nanowire growth. However, when using pure Ag seed particles, the nano-
wires fail at an early stage of growth, apparent from the kink far from the seed particle
(Figure 7.7m-r). This was expected from the recent work by Martensson et al.**’, who
reported that using Au and AgAu seeds led to the growth of very similar nanowires,
whereas nanowire growth using Ag nanoparticles often failed. They concluded this to
the Au and AgAu seeds being liquid during growth, while the Ag seeds were solid.
The difference in nanoparticle phase was explained by the difference in melting
temperature, where the Ag nanoparticles required a higher growth temperature or Ga
content to be liquid compared to the Ag and AgAu nanoparticles. In principle, the Ga
concentration of the nanoparticle is controllable in both MOCVD and Aerotaxy. In
Aerotaxy, the Ga concentration of the nanoparticle can be increased by increasing the
time spent in the alloy stage, or by increasing the group III flow.
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Figure 7.7. GaAs nanowires grown by Aerotaxy from 30 nm nanoparticles: (a-f) Au, (g-1) AgAu, and (m-
r) Ag at different set temperatures.

The nanowires grown from Au and AgAu nanoparticles have uniform thickness at the
lower growth temperatures (< 500 °C), but become increasingly more tapered at
higher temperatures (Figure 7.7a-1). A tapered morphology can result from a
gradually shrinking particle—crystal interface or radial growth of the nanowire.
Performing a time series could clarify whether the particle volume changes during
growth. However, it is more difficult to perform a time series in Aerotaxy than in
MOCVD. Similar tapered nanowires at high temperatures have been reported in
previous studies using Aerotaxy, and were explained by radial growth”**'. Radial
growth can increase at higher temperatures, due to more precursor decomposition, a
lower kinetic barrier for nucleation, and a decrease in diffusion length due to
desorption (as discussed in Chapter 5). Radial growth can be suppressed by supplying
etchants such as HCI®*7° or HBr, but this has not yet been used in Aerotaxy. In
contrast to MOCVD, there is no loss of material from competing growth on the
substrate in Aerotaxy, but parasitic GaAs nucleation can still occur in the gas phase.
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8. Concluding remarks and outlook

PAG of III-V semiconductor nanowires offers a powerful method of creating high-
quality III-V crystals that may enable cost-efficient production of superior
photovoltaic, electronic, and optoelectronic devices. In the work presented in this
thesis, the production capabilities of non-noble metals for use as seed particles have
been developed, and the effect of nanoparticle composition on the nanowire
morphology has been studied. The results of this work show that a key to controlled
nanowire growth using nanoparticles of various metals, is to reduce the melting point
and allow them to melt during nanowire growth. Based on these findings, others may
now design smarter experiments, using seed metals with engineered compositions.
Our understanding of the nanowire growth mechanism and the versatility of PAG
would benefit greatly from studying the borderline between controlled and
uncontrolled nanowire growth.

The main aims of the work presented in this thesis were to extend the control of the
particle composition during PAG, and to investigate how the particle phase affects
nanowire morphology. There is no shortage of metals and alloys to be tested, but as
was apparent from this work, additional studies are required before their benefits can
be reaped. Some potential advantages of PAG with alternative metals are listed below.

1. A particle material with a low solubility of In and Ga may allow the growth
of sharper heterointerfaces in Ga—V and In-V semiconductors, which is
otherwise difficult as the particle acts as a reservoir, resulting in
compositional graded heterointerfaces.

2. Constituents of the particle could be intentionally incorporated into the
nanowire, to dope the semiconductor or tune its bandgap. However, an
understanding of the mechanisms promoting or preventing incorporation
would be required.

3. A particle that can be switched between an inert and active mode would be
useful to prevent additional axial growth during radial shell growth.

4. A particle that is easier to remove after nanowire growth, or that could be
created or removed during nanowire growth, would facilitate processing.

5. A cheaper metal would reduce the cost, and would be especially important in
large-scale commercial production.
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Before any of these advantages can be realized, greater familiarity with foreign non-Au
seeded PAG is required. As was apparent from this work, PAG using solid
nanoparticles is challenging. The formation of a flat interface between the solid
nanoparticle and the nanowire is especially important. I suggest that a good first step
is to form a good interface with a liquid nanoparticle, and then to trigger a solid phase
transformation.

Outlook

There are many paths along which this research can be continued. The two most
immediate are: 1) to use the group IIl-rich growth method described in Paper III to
study controlled transition between liquid and solid nanoparticles, and 2) to test its
generality by growing other III-V semiconductors with other seed metals. Other,
more novel suggestions for future research are briefly discussed below.

Setting the initial group III concentration

When a seed particle is deposited onto a substrate and annealed it tends to react with
the substrate and begin to alloy. This process is poorly understood, but the interfaces
that form and the composition of the particle will naturally have a considerable effect
on the initial stages of nanowire growth. If the nanoparticles were alloyed with group
III material before annealing, the nanoparticle could be made more saturated with
group III material, and may therefore become less prone to react with the substrate.

To obtain nanoparticles that are alloyed before annealing, alloy nanoparticles could be
fabricated directly from alloy electrodes in a SDG. In the case of MOCVD, the alloy
nanoparticles would probably oxidize, unless they were protected by a passivating
shell. However, it must also be possible to remove the shell, for instance, by thermal
decomposition in the MOCVD reactor. There would be no need for a passivating
shell in Aerotaxy since the nanoparticles remain in an inert gas flow, from generation
until the nanowire has been grown.

Finding low-solubility and low-melting-point alloys

One of the primary advantages of PAG using group IIl-rich nanoparticles is also its
greatest disadvantage. Since the melting point is controlled by the relative supply of
group III species, the growth parameters must be optimized to keep the particle size
constant. Instead of diluting the metal nanoparticle with a group III element,
elements that have a low solubility in the III-V material, such as Zn, Bi, Pb, and Sn,
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could be investigated. This would also decrease the melting point of the seed metal,
but if it has a low incorporation rate into the nanowire, the nanoparticle and nano-
wire diameter would be more stable than in group IIl-rich PAG. For metals with a
high vapor presusre it might be possible to remove it by a simple heat treatment.

I have briefly studied nanowire growth from pure Bi, Sn, and Pb nanoparticles, and
found it possible to grow GaAs nanowires (not included in thesis). Unfortunately, the
growth rate was very low, probably due to the low temperature and AsH; flows that
were required to sustain the nanoparticle. As an alloy with a high-melting-point
metal, the metals may survive higher growth temperatures, which may also boost the
the nanowire growth rate since the precursors pyrolysis would be more complete. The
alloy melting temperature could be controlled by the concentration of the dilutant, as
mentioned previously, and the particle size would be much more stable than for

group IlI-rich PAG.

There is no need to limit the choice of particle composition to one or two constitu-
ents, making ternary (or quaternary) systems available. For instance, an alloy of Pb
and Sn has historically been used as solder, but has now been replaced by the less
toxic Sn—Ag—Cu alloy. Solder is an alloy with a low-melting-point eutectic, and
common solders would be an interesting starting point to look for low-melting-point
eutectics. For example, low-melting-point eutectics may be found in systems such as
Ga—Ag—Cu or Ag—Ga-Sn, which would enable the use of more cost-efficient seed
particles with variable melting temperatures.

Developing core—shell nanoparticles

A nanoparticle that consists of one material in the core, surrounded by another shell
material is known as a coreshell nanoparticle. There might exist material
combinations that would allow only the shell to be active in PAG, and the purpose of
the core would be to define the particle size and nanowire diameter. The cost of large
Au nanoparticles could perhaps be drastically reduced with this approach, since the
volume of a Au shell is only a small fraction of the total volume.

Alloy or core—shell nanoparticles can be manufactured by condensation of secondary
metals onto a pre-existing nanoparticle (in the gas phase). In this method, the
difference in size between the initial and final particles could be used as a first
approximation of the particle composition. The first step would be to study the
generation of core—shell nanoparticles and to design a few core—shell constellations
before attempting nanowire growth.
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Future implications

In this work, I have improved the capabilities of both unary and binary metal
nanoparticles for nanowire growth. A method was also developed to facilitate nano-
wire growth from non-Au foreign metal nanoparticles. This has led to an easy method
of initiating controlled nanowire growth from different seed metals, which previously
involved meticulous growth parameter sweeps. The method also allows studies of
nanowire growth from both liquid or solid nanoparticles in a single growth
experiment.

As our experience and confidence in additional seed metals increase, more versatile
experiments can be performed to test and improve current nanowire growth models.
A greater understanding of the role of the nanoparticle composition in PAG will in
turn allow more complex nanowire designs. It is my hope that this will lead to a
scenario where the nanoparticle composition is tailored according to the specifications
of the nanowire.
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