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Abstract 

Over the last decade demands from the electronic industry and its customers to create 

smaller and more powerful devices, have driven electronics into the nano scale. 

Nanowires (NW) provide an attractive possibility to meet requirements as building 

blocks for this rather new field of nano-electronics. Besides their tiny geometrical 

features, NWs also feature altered physical and chemical properties due to their high 

share of surface atoms. Specifically changes in light absorption, super paramagnetic 

behaviour, a lowered melting point and an altered chemical potential can be expected 

when producing NWs with diameters below 10 nm. Of course tailoring materials 

properties by adjusting its size can be an attractive way to design devices with novel 

properties. 

Therefore the present work focuses on synthesis and characterisation of Si-NWs by 

atmospheric pressure chemical vapour deposition (APCVD) by using Si3Cl8 (OCTS) as 

a novel precursor. OCTS is a rather new precursor compared to the well established 

SiH4, SiCl4 or Si2H6, but it is doubtful that all of the future requirements will be met by 

only one of these precursors. Furthermore alternative catalysts to replace the most 

common and versatile Au are investigated as it introduces deep level traps into silicon, 

which deteriorates device performance considerably. Namely Al, Ag, Cu, In, Ni, Pt and 

Ti were tested with varying success. 

In general an approach analogous to the well established Vapour-Liquid-Solid (VLS) 

mechanism was applied, although some catalysts like Cu and Ni tend to produce NWs 

via a Vapour-Solid-Solid (VSS) mechanism. Growth parameters like temperature, 

partial pressure of the precursor, gas feed composition, flow rates and sample 

preparation were investigated. Afterwards the NWs were examined by SEM and 

HRTEM, which included a crystallographic investigation of defects and growth 

orientation. All NWs grew along the [111] direction except for the Ni catalysed ones, 

which grew along [100] and [110], with Au, Pt and Ni also featuring epitaxy. 

 In later experiments also BBr3 and PCl3 were added to the precursor for growing in 

situ doped NWs. The addition of B accelerated precursor decomposition and resulted in 

deposition of a thick amorphous shell wrapped around the NW. Up to two third of a 

NW’s diameters grown this way consisted of amorphous Si. Also the growth direction 

was changed to [112]. P on the other side reduced growth speed by blocking absorption 

spots on the catalyst, but also epitaxial NWs growing along the [112] direction were 
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achieved. Other catalysts were more severely affected by dopants than Au, thus either 

suppressed NW growth completely or at least prevented epitaxy. 

In the last stages of this work NWs were characterized electrically. The resistivity 

strongly depends on the used catalyst: Cu (7.8*10
4
 Ωcm) and Ni catalysed (1.57*10

4
 

Ωcm) NWs feature the highest resistivity, while Au lead to a resistivity of 5.96*10
3
 

Ωcm, which is in range of values obtained in literature. Ag (4.23*10
3
 Ωcm) and Pt 

(9.72*10
2
 Ωcm) produced NWs with even lower resistivities. As expected doped NWs’ 

resistivities were even lower with 1.98*10
-1

 Ωcm for B doped and 2.4*10
-3

 Ωcm for P 

doped ones. 
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Kurzfassung 

 
Während der letzten 10 Jahre haben Forderungen der Elektronik-Branche und ihrer 

Kunden nach kleineren und leistungsfähigeren Geräten zur Erschließung des 

Nanometerbereichs geführt. Nanodrähte versprechen eine attraktive Möglichkeit zu sein 

den Anforderungen als Bausteine für diesen relativ neuen Bereich der Elektronik zu 

entsprechen. Neben ihrer geringen Größe verfügen NWs aufgrund ihres hohen Anteils 

an Oberflächen-Atomen über veränderte physikalische und chemische Eigenschaften. 

Im Detail können bei der Herstellung von NWs mit Durchmessern von 10 nm oder 

weniger Veränderungen bei Lichtabsorption, super paramagnetischem Verhalten, 

verringertem Schmelzpunkttemperaturen und geändertem chemischen Potentials 

erwartet werden. Natürlich ist es eine attraktive Möglichkeit, die Eigenschaften eines 

Materials anhand seiner Größe und Geometrie anzupassen und damit Bauteile mit sehr 

definiertem Verhalten zu erzeugen.  

Daher konzentriert sich die vorliegende Arbeit auf Synthese und Charakterisierung 

von Si-NWs, die durch chemische Gasphasenabscheidung bei Atmosphärendruck 

(APCVD) mit Si3Cl8 (OCTS) als neuartigem Precursor erfolgt. OCTS ist im Vergleich 

zu den etablierten Precursorn SiH4, SiCl4 oder Si2H6 ein relativ neuer Precursor, aber es 

ist noch ungeklärt, ob alle zukünftigen Eigenschaften von einer einzigen dieser 

Chemikalien optimiert werden können. Außerdem werden in dieser Arbeit alternative 

Katalysatoren untersucht, um das vielseitige und bereits etablierte Au zu ersetzen, da 

dieses so genannte Deep Leevel Traps in Si induziert, was die Geräteeigenschaften 

eines Bauteils erheblich verschlechtert. Namentlich wurden Al, Ag, Cu, In, Ni, Pt und 

Ti untersucht. 

Im Allgemeinen wird ein Ansatz analog zum populären Vapor-Solid-Solid (VLS) 

angewendet, einige Katalysatoren wie Cu und Ni tendieren aber dazu NWs über einen 

Vapor-Solid-Solid (VSS)-Mechanismus zu generieren. Wachstums Parameter wie 

Temperatur, Precursor-Partialdruck, H2-Durchflussmengen und Probenvorbereitung 

werden untersucht. Danach werden die NWs mittels SEM und HRTEM charakterisiert, 

was eine kristallographische Untersuchung von Defekten und Wachstumsorientierung 

miteinschließt. Alle NWs, mit Ausnahme der Ni katalysierten, welche entlang [100] und 

[110] wachsen, wachsen in [111] Richtung; mit Au, Pt und Ni wurde auch epitaktisches 

Wachstum erzielt. 
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In weiteren Experimenten werden auch BBr3 und PCl3 der Wachstums-Atmosphäre für 

die Produktion von in-situ dotierten NWs hinzugefügt. Der Zusatz von B beschleunigt 

die Precursorzersetzung und führt zu einer dicken, amorphen Schale um den NW. Bis 

zu zwei Drittel des NW-Durchmessers besteht hierbei aus amorphem Si. Die 

Wachstumsrichtung änderte sich ebenfalls zu [112]. P andererseits reduziert die 

Wachstums-Geschwindigkeit durch die Blockierung von Absorptionsstellen. Auch 

epitaktische NWs in [112]-Richtung werden hier erfolgreich gewachsen. Andere 

Katalysatoren werden von den Dotierstoffen stärker betroffen als Au, da sie entweder 

das NW-Wachstum vollständig unterdrücken oder zumindest die Epitaxie verhindern. 

In der letzten Phase dieser Arbeit werden die NWs elektrisch charakterisiert. Es ergiebt 

sich, daß der elektrische Widerstand stark vom verwendeten Katalysator abhängt. Cu 

(7,8*10
4
 Ωcm) und Ni (1,57*10

4
 Ωcm) katalysierte NWs verfügen über den höchsten 

elektrischen Widerstand, während Au einen Wert von 5.96*10
3
 Ωcm zur Folge hat, was 

sich im Bereich von Literaturwerten befindet. Ag (4.23*10
3
 Ωcm) und Pt (9,72*10

2
 

Ωcm) produzierten NWs mit noch niedrigerem elektrischem Widerstand. Dotierte NWs 

weisen mit 1,98*10
-1

 Ωcm für B und 2,4*10
-3

 Ωcm für P den niedrigeren elektrischen 

Widerstand auf. 
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1 Introduction 
 

Since the invention of the first transistor in 1947, customers and industry have 

continuously nourished the need for smaller and more powerful electronic devices of 

that kind. 1947 also marks the starting point of semiconductors as electronic materials, 

among which Si is the most prominent one today. Ten years later, in 1957, Treuting and 

Arnold [1] reported for the first time the growth of Si-NWs, called whiskers then. 

Although the NWs in their work were in the macroscopic range, it pushed open the door 

of nanosized semiconductor devices. Hence in 1964 Wagner and Ellis [2] discovered 

the Vapor-Liquid-Solid (VLS)-mechanism and achieved NWs as small as 100 nm. This 

strongly contributed to trigger an increased interest in whisker science (Figure 1, [3]).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The interest in NWs dropped in the following years and was revitalized in the mid 

1990s by the electronic industry’s new advances in microelectronics. Since then NWs 

have been a science topic with increasing grade of interest and although they are mainly 

valued for their electronic properties, which can be applied at nanoscale electronics [4], 

photonic devices [5] and solar cells [6]. NWs are today also attractive as potential 

materials for sensors [7], batteries [8] and catalysts [9] as well as applications in life 

science [10]. 

Currently electronic semiconductor devices are produced by top down techniques 

using optical lithography (down to 22 nm by 2012 on the commercial level). When 

reaching the nanoscale VIS (Visual spectrum)-lithography approaches its physical limits 

and the costs increase exponentially.  

Figure 1: Histogram of NW and whisker related publications over the years [3]. 
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Another very attractive argument for NWs, or nanostructures in general, is a widening 

band gap at diameters below 10 nm. This leads to changes in physical and chemical 

properties such as absorption, fluorescence, electric properties and magnetic properties 

[11]. Needless to say such materials, whose properties depend on its size, can be tuned 

to a wide variety of applications. Up until now NW based electronics are just produced 

on the laboratory level, but nonetheless field-effect transistors, p-n junctions, bipolar 

junction transistors, complementary inverters and resonant tunneling diodes [12] have 

already been realized as prototypes to name a few examples. 

To synthesize Si-NWs a wide range of methods is available. Among them are bottom 

up methods like chemical vapor deposition (CVD) [13], annealing in reactive 

atmosphere [14], thermal evaporation of SiO [15],
 
Molecular Beam Epitaxy (MBE) 

[16], laser-ablation [17] and solution-based methods [18] as well as top down methods 

like catalytic etching [19] for example. Among these techniques CVD was chosen to 

produce NWs in this work, because of its extensive possibilities to tune growth 

parameters and the possibility to grow NWs at predesigned locations by utilizing the 

VLS mechanism.  

When synthesizing a NW, its growth direction as well as its electrical and optical 

properties strongly depend on diameter [20], crystallographic orientation [21] as well as 

defect structure [22]. These characteristics on their part heavily depend on catalyst and 

precursor and it is therefore necessary to investigate a broad spectrum of both to achieve 

optimized NWs growth. Au for example, because of its low eutectic temperature with Si 

and its chemical inertness, the most common and best suitable catalyst for VLS growth 

causes undesirable deep level traps, which deteriorate NWs electrical and optoelectrical 

properties. So, alternative catalysts are also a subject of interest and various metals like 

Fe or Al [3] have so far successfully replaced Au as growth promoting catalyst. The 

same goes for new precursors, where SiH4 [23], Si2H6 [24] and SiCl4 [25] are currently 

the most common, but new precursors, like octachlorotrisilane (OCTS) are desired to 

broaden the spectrum of available NWs and to reduce costs and effort.  

As already mentioned NWs are highly valued due to their electrical properties, which 

can be tuned in situ or ex situ, mostly by doping. For the VLS growth, doping agents 

can be introduced either by adding a dopant to the catalyst particle or to the precursor. A 

combination of Au/Sb has already been used to create p-doped Si-NWs for FETs [26], 

although it proved hard to control the dopant distribution in the NW. Much more 

common and effective it is to add a gaseous dopant, such as PH3, B2H6 or B(CH3)3, to 



  1 Introduction 

 

 10  

 

the precursor gas during growth. For example p-i-n
+
-type doped Si-NW-heterostructures 

have been achieved [27] with a resistivity of a few m*cm. Unfortunately adding a 

dopand agent influences the growth behaviour. B for example accelerates the precursor 

decomposition, which causes an amorphous shell [28], whereas P decelerates the NW’s 

growth rates or inhibits it completely at higher concentration [29]. Furthermore the 

doping often appears to be radially inhomogeneous and diameter dependent [30]. 

Although a lot of problems come along when doping NWs Cui et al. [31], T. Noda et al. 

[32] and J. R. Heath et al. [33] have successfully conducted electrical characterisations 

of SiH4 or Si2H6 grown NWs, intrinsic as well as doped. Their work revealed a 

resistivity of 10
3
 Ω*cm for intrinsic, unannealed NWs and much lower resistivity for 

doped ones. Some NW’s resistivity was reduced to 10
-3

 Ω*cm. Considering all the 

possibilities outlined above, it is possible to tailor a NW’s properties to an intended 

application and achieve the optimum solution for an electronic device. 
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2 Theory 
 

2.1 NW-Synthesis 

 
2.1.1 Si-NW-synthesis techniques 
 

Numerous methods have proven to be suitable to grow Si-NWs. Such as chemical 

vapor deposition (CVD) [13], annealing in reactive atmosphere [14], thermal 

evaporation of SiO [15],
 
Molecular Beam Epitaxy (MBE) [16], laser-ablation [17] and 

solution-based methods [18].  

When working with a CVD process, a volatile precursor is intentionally decomposed 

by heat on a substrate to produce a desired deposit. The position of the deposit extends 

to all surfaces of the substrate and is therefore no directional process. Annealing in 

reactive atmosphere relies on a similar principle. The main difference between this 

method and classical CVD is that the substance intended for deposition forms in the 

atmosphere and then deposits on the substrate. Another related technique is thermal 

evaporation. In this case a solid precursor is thermally evaporated and then transported 

either by diffusion or convection to the desired place of deposition. MBE takes place in 

high or ultra high vacuum conditions, where a material e.g. gallium and arsenic is 

thermally heated in a Knudsen effusion cell until it sublimes. The resulting beam of gas 

then condenses onto the substrate forming NWs. The deposition rate allows epitaxial 

growth of single crystals or layers. Laser ablation is very similar to thermal evaporation, 

except that the evaporation is realized by a laser instead of a conventional heater. 

Solution based methods take place in liquids, where the precursor is deposited directly 

onto the substrate through guided chemical or electro-chemical reactions. 

Schematics of these methods can be found in Figure 2. 
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Among these approaches CVD was the method of choice for this work. CVD can be 

used to exploit several mechanism like: Vapor-Liquid-Solid (VLS) [2], Solid-Liquid-

Solid (SLS) [34], the Solution-Solid-Solid (SSS) [35], the Vapor-Solid-Solid (VSS) 

[36], and the Oxide-Assisted-Growth (OAG) mechanism [37].  

The VLS-mechanism is described later in detail as it is the primary focus for NW-

growth in this work. 

During the SLS-mechanism a liquid particle is utilized as catalyst, which absorbs Si 

from a solid substrate and subsequently a NW grows from this particle. No gas feed is 

necessary when using this mechanism, although it may improve the result. 

The SSS-mechanism works very similar compared to the VLS-growth. The only 

difference is, that the gaseous precursor, which provides Si for the reaction in the VLS-

mechanism, is replaces by a supercritical fluid. 

a) b) 

c) d) 

e) f) 

Figure 2: Schematics of experimental setups for Si-NW growth [3]:  

 a) CVD 

 b) Annealing in reactive atmosphere 

 c) evaporation of SiO 

 d) MBE 

 e) laser ablation 

 f) solution-based growth. 
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In case of the VSS the catalyst remains in a solid state, from which then a NW 

precipitates. Otherwise it works analogously to the VLS-mechanism. 

The OAG mechanism does not involve a metallic catalyst at all, but utilizes an oxide 

close to its solidification point to mediate precipitation of Si, what result in a Si-NW 

capped in an oxide shell. 

 

2.1.2 VLS – growth mechanism 
 

The VLS mechanism was discovered in 1964 by Wagner and Ellis to synthesise Si-

NWs. The VLS-mechanism utilizes a liquid metal particle, which catalyses the 

decomposition of a Si containing precursor gas. Si is then dissolved into the droplet and 

subsequently a NW precipitates upon supersaturation. Concerning the catalyst, Au has 

been the most common choice for this approach as it provides a low eutectic 

temperature (363°C) and also low solubility of Si (18.6 % at eutectic point). The most 

common precursor gases for this purpose are SiH4 [23] SiCl4 [2] and Si2H6 [24], while 

Ag, Cu, In, Ni, Pt [38], Al [39], Au [2], Bi, Pb, Te, Zn [40], Cd, Gd, Mg, Mn, Os [41], 

Co, Pd [42], Dy, Fe [43], Ga [44] and Ti [45] have proven successful as catalysts so far. 

Determining the location of the NW by placing the particle at a desired position [46] is 

another advantage of the VLS-mechanism, thus offering great potential in matters of 

device integration. Another advantage of growing Si-NWs via VLS with a catalyst is 

the ability to control diameter and length by growth time and catalyst particle size [3]. 

 

The VLS-mechanism comprises mainly 3 steps (Figure 3): 

a. Placing the metal particle on a suitable substrate at a desired location 

b. Diffusion of the precursor to the liquid metal particle, discomposure and 

adsorption 

c. Supersaturation and nucleation, followed by growth of the NW 
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Figure 3: Schematic of the main steps of the VLS-mechanism:  

a) Placing a metal particle on the substrate 

b) Introducing Si-containing precursor gas, which dissolves into the particle 

c) NW growth after supersaturation and nucleation. 

 

2.1.2.1 Properties of the catalyst particle 
 

In the first stage a metal particle is placed on the substrate by either using colloids 

with distinct diameters or applying a thin metal film which de-wets and forms droplets 

during heating. In the latter case surface tension (LV) at the liquid-vapour-interface, 

molar volume (VL), temperature (T) and gas saturation (p/pEq) are the determining 

factors for the size of the droplets to form (Equation {1}) [47], what determines the 

minimum radius (rmin) of the catalyst particle.  

 

 

 

 

 

 

Alternatively metal colloids can be used to secure a defined size for the catalyst 

particles. Irrespective of whether the VLS-mechanism is performed with an initial metal 

layer or with colloids, an alloy droplet will be formed due to increased temperature for 

growth. The angle between droplet and substrate will be established according to 

Equation {2} and Figure 4. The surface tension at the three interfaces (SV- Solid – 

Vapor, LS – Liquid – Solid and LV – Liquid – Vapor) determine the contact angle θC 

and therefore the size of the particle. 

 

 

 

SiH4 

Au 

Si Si Si 

a) b) c) 
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If 0 < C < 90° (LS < SV) the droplet will wet the substrate and cover an area defined 

by Equation {2}. In case of C > 90° (LS > SV), no wetting occurs and the droplet 

would practically roll over the substrate. Mercury on glass (C = 140°) is an example for 

that. 

2.1.2.2 Gibbs-Thomson-Effect 
 

For VLS synthesis of NWs, precursor gas is introduced into the CVD chamber, 

thermally cracked up and dissolved into the liquid catalyst particle. In case of the VLS-

mechanism this happens above the eutectic temperature. For lower temperatures the 

particle remains solid, or softens up close to the melting point (Tm), and the process is 

then called Vapor-Solid-Solid (VSS) [36]. 

A very important aspect in this stage of the VLS-mechanism is the altered pressure 

within the metal droplet. When a droplet is in equilibrium with its ambience (pex) there 

is a certain pressure inside the droplet. This inner pressure (pin), or sometimes called 

Kelvin pressure, thereby depends on the droplet’s curvature. Since a droplet always 

tends to form a sphere the curvature indirectly depends on its radius (r). The Laplace 

equation (Equation {3}) describes this relation, what is usually referred to as the Gibbs-

Thomson-effect.  

 

 

 

The work of Nordiek [48] shows the difference between two extreme cases and is 

schematically explained in Figure 5.  In the case of a plain boundary surface, or a very 

big droplet, the radius becomes practically infinite, what results in pin = pex. A substance 

meeting these criteria exhibits a certain boiling point. When reducing this droplet’s 

radius, the 2/r term increases and cannot be neglected anymore, what results in an 

r
pp exin

2
 {3} 

{2} 

Substrate 

LS SV 

LV 

C 

Figure 4: Contact angle C, which is determined by surface tensions at the three 

interfaces close to the catalyst particle during VLS-growth. 
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increased Kelvin pressure and as Figure 5 shows a decreased boiling point. So the 

increase in pressure can be extracted from Equation {3} as p=2/r. 

 

 

 

 

 

 

 

 

 

 

 

 

Another description of this phenomenon is Equation {4}; the Kelvin-equation. A 

special case of the Kelvin-equation is Equation {5} where r1 = r2 = r describes a droplet 

encountered during the VLS-mechanism.  

In practice pin, often exceeds the value calculated by the Kelvin equation as it uses the 

ideal gas theory and is modelled for an incompressible liquid. Therefore 2/r >> p 

should be expected. 

In case of the VLS-mechanism this also means, that the increased pressure inside the 

droplet impedes the solution of precursor material into the droplet. Hence the growth 

rate of smaller NWs is reduced because of the droplet’s smaller size.  

 

 

 

 

 
Vm molecular Volume [m³/mol] 

R 8.3144621 [J/K*mol] 

r1, r2 principal radii of curvature [m] 

 surface tension [N/m] 
 

 

 

{5} {4} 

Figure 5: Illustration of the difference between a droplet and a plain boundary 

surface considering their inner pressures depending on temperature [48]. 
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2.1.2.3 Nucleation and surface energies 
 

During the third step Si is still dissolving into the metal droplet from the gas phase and 

until supersaturation is reached. After supersaturation nucleation is necessary to initiate 

NW-growth. The classic nucleation theory [49] offers a simple model to explain this 

process. Although microscopic particles are credited with the same properties as their 

macroscopic counterparts in this model, it is still very convenient to explain the process 

in general.  

Like for every other process, nucleation only occurs spontaneously when the free 

Gibbs energy (ΔG) is negative. For spherical particles this is determined by two additive 

terms as depicted in Equation {6}. The first term describes the energy released by the 

addition of molecules/atoms to a nucleus by its shape (4/3r³ for spheres) and the 

difference in free energy between the liquid and solid state GV, the volume free energy. 

The second term defines the energy that is needed to increase the nucleus’ interface by 

its surface (4r² for spheres) and surface tension , the interfacial energy. See also 

Figure 6 for a graphic illustration. 

 

 

  

 

 

 

 

 

 

     

 

 

 

 

 

At the onset of supersaturation the nuclei are very small and energy must be appended 

to add new molecules/atoms because dG/dr > 0. This applies until the particle reaches 

 23 4
3

4
rGrG V  {6} 

Figure 6: Critical nucleation radius in dependence of the Gibbs free energy after 

the classic nucleation theory for spheres. 



  2 Theory 

 

 18  

 

{11} 

VG
r

2* 
2

3

3

16
*

VG
G




TH

T
r

V

m




2*

22

23

3

16
*

TH

T
G

V

m






the critical radius r*, when dG/dr = 0. r* is therefore defined by Equation {7} and the 

free energy GV needed to form a nucleus of that size is given by Equation {8}. At this 

point the probability for a nucleus to transform into a crystal is equal to that to collapse. 

 

 

 

 

When finally reaching the equilibrium point, G becomes 0. In this case the free 

volume energy GV can be thermodynamically described as GV=HV-TSV; with HV 

(Enthalpy of fusion) and SV (Entropy of fusion). When setting T = Tm (melting 

temperature), SV is equal to HV/Tm. If this is applied to Equation {7} and {8}, r* and 

G* can be described by the Equations {9} and {10}, with T=Tm-T. 

 

 

 

According to these equations, cooling to lower temperatures allows progressively 

smaller nuclei to become viable and hence smaller particles or NWs can precipitate. 

The determining factor for deciding a NWs shape and orientation on a thermo 

dynamical base is its surface energy () [50]. Taking into account a NWs length (L) and 

radius (r)  can be described by Equation {11}.  

 

 

 

 

Obviously  depends strongly on the surface tensions of the 3 interfaces shown in 

Figure 7. Surface tension again depends heavily on temperature, as well as on the kind 

and concentration of molecules in the interface region [51, 52]. Therefore not only the 

chosen temperature, but also the substrate, the metal particle as well as pressure and 

composition of the growth atmosphere affect .  

 

 

 

 

SSLSSV rrLr  ***2 22 

{8} {7} 

{10} {9} 
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Possibilities to quantify the dependence of surface tension are represented by the 

Gibbs equation of surface tension and the Eötvös rule [51] (Equations {12} and {13}).  

 

  

 

 

 

 

The Gibbs equation of surface tension considers the effect of surface active molecules 

on the interface by taking their concentration () and change in chemical potential () 

into account. For the VLS-mechanism this means that molecules in the growth 

atmosphere can alter the surface tension of the metal droplet and therefore alter the 

surface energy of a NW by changing SV. Equation {13} shows the dependency of  on 

the temperature (T) by using the Eötvös-constant (k = 2.1*10
−7

 J K
−1

 mol
-2/3

), critical 

temperature (TC) and the molar volume (V). 

 

 

 

 

 

 

 

 

 

 

{12} 

Substrate 

SS 
LS SV 

Figure 7: Schematic interface energies between a NW and the droplet with the 

first atomic layer of the NW precipitating. LS, SV and SS denote the three 

interface between the Vapor, Liquid and Solid parts of the system. 
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2.1.2 Phase diagrams 
 

It is generally accepted that the conditions for VLS growth of Si-NWs can be deduced 

from the binary phase diagrams involving the catalyst and Si. The Au/Si phase diagram 

(PD) in Figure 10a [53] represents a typical example. During VLS growth Si from a 

gaseous precursor is subsequently introduced into an initially pure droplet of Au. The 

exact process concerning phase transitions [51] is explained according to Figure 10b, a 

magnification of the relevant region in Figure 8a.  

 

 a1: At 500°C (typical for SiH4 as precursor) the droplet still 

consists of pure Au. 

 a1 to a2: Si dissolves into the droplet, what causes a part of it to 

melt. In this state the droplet consists of Au (s) and a 

liquid Au/Si mixture. 

                                                 Slightly right of a2: The whole droplet is now a liquid mixture of Au and Si. 

                                                Slightly right of a3: Upon further incorporation of precursor gas solid Si 

precipitates from the droplet and forms a NW. 

 

Alternative catalysts like Ag, Cu, Ni or Pt feature different phase diagrams like 

depicted in Figure 11 and Figure 10, which offer a more complicated mechanism and a 

high number of phases and transitions. 
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a) 

b) 

a1 a2 a3 

Au(s) + 

Au/Si(l) 
Si(s)+ 

Au/Si(l) 

L 

Si(s) + Au(s) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Binary phase diagrams of the system Au/Si (a) [53], which was 

investigated in this work. Diagram (b), an enlarged section of the Au/Si phase 

diagram serves for explanatory reasons. 
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c) 

d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Binary phase diagrams of the systems Ag/Si (c) and Cu/Si (d) [53], 

which were investigated in this work. 
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e) 

f) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Binary phase diagrams of the systems Au/Si (a+b), Ag/Si (c), 

Cu/Si (d), Ni/Si (e) and Pt/Si (f) [53], which were investigated in this work. 
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When using a PD to explain or understand what happens to the catalytic droplet during 

VLS growth one should always keep in mind that it just concerns thermodynamic 

processes. Therefore kinetic and reaction state cannot be derived from a PD, but affect 

NW growth in nearly all practical experiments. 

 

2.1.3 Solubility and catalyst incorporation in Si-NWs 
 

During VLS growth it is inevitable that at least some metal from the catalyst particle 

gets incorporated into the NW during growth at elevated temperatures. Depending on 

the kind of impurity this can cause deep level defects with high charge carrier 

recombination rates. Figure 11 gives an impression of ionization energies of different 

catalyst materials in Si with respect to the band gap. The closer an impurity level is to 

the center of the band gap the more efficient it is as a recombination centre [3]. 

Unfortunately the most common VLS catalyst Au is one of that kind. For example, a 

concentration of 10
17

 Au atoms/cm³ decreases the lifetime of minority-carriers from 

2*10
-6

 s to 10
-10

 s [54]. Therefore it is incompatible with complementary metal oxide 

semiconductor (CMOS) devices and most other electronic or opto-electronic devices. 

Nonetheless Au is still the most common VLS promoting catalyst due to: 

 

 Chemical inertness 

 Low solubility of Si 

 Low vapour pressure at growth temperature 

 Low eutectic point with Si 

 Catalytic activity for precursor decomposition 

 

Another important aspect for a catalyst is its solubility in Si as it determines the 

incorporated amount in the NW. Since the metal's solubility in Si rises with increasing 

temperature - except for very high temperatures above 1300°C [55] - lower growth 

temperatures are favoured. Furthermore, low grow temperatures are beneficial for 

device integration. Table 1 gives the solubility of Au in Si according to the temperature 

in the region from 600°C to 900°C. 

 

 

 

 



  2 Theory 

 

 25  

 

Table 1: Solubility of Au in Si at temperatures between 600°C and 900°C [55] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T [°C] Solubility [cm
-3

] 

600 5.4*10
12

 

700 6.9*10
13

 

800 5.8*10
14

 

900 3.4*10
15

 

Figure 11: Ionization energies of various impurities in Si with respect to the midgap 

of the band gap (Si =1.12 eV). On the x-axis the minimum temperature necessary 

for VLS growth is displayed. Solid symbols above the band gap middle represent 

donor levels, while open symbols represent acceptor levels. Below the band gap 

middle solid symbols denote acceptor and open symbols denote donor levels [3]. 
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2.1.4 Epitaxy and Orientation of VLS grown Si-NWs 
 

Controlling epitaxy, crystallographic orientation and location of a NW have drawn 

considerable attention during the last decade as it offers a great potential in device 

integration. Epitaxy basically means that a NW adopts an orientation of the crystalline 

substrate. Via the VLS-growth this has been another point of interest as it provides an 

interesting possibility to arrange NWs on a crystal substrate in desired orientations for 

device integration [56]. Figure 12 shows in this context the orientations of the most 

common Si-NWs grown on a (111) oriented Si-substrate synthesized via VLS growth. 

Crucial parameters to determine a NW’s orientation and epitaxy are total pressure [57], 

partial pressure of the precursor [58], the NW’s diameter [59], growth direction and pre-

treatment of the substrate [60, 61] and of course temperature [60]. Of course all of these 

parameters are directly influencing the surface tension , what makes it a determining 

factor in NW-synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Calculated orientations of epitaxially grown Si-NWs grown a (111)-Si-

substrate with their respective angles and azimuths: 

a) [100]  b) [110] 

c) [111]  c) [112] 

a) b) 

c) d) 
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Figure 12a shows the [100] oriented Si-NWs on a (111) substrate with an azimuth of 

120° between the wires and an angle of 35.3° to the substrate. The [110] oriented Si-

NWs (Figure 12b) show the same azimuth of 120° as the [100] oriented ones, but an 

angle of 54.7° with respect to the substrate. [111] oriented Si-NWs (Figure 12c) feature 

4 growth directions. 3 of these directions are aligned with an azimuth of 120° to each 

other and an angle of 19.4° to the substrate, while the fourth grows perpendicular to the 

substrate in an angle of 90°. The [111] growth orientation is the only possibility to grow 

upright Si-NWs on a (111) substrate. Finally the [112] orientation (Figure 12d) exhibits 

9 growth directions with an azimuth of 40° between the NWs. 3 direction show an angle 

of 70.5° to the substrate and 6 are aligned at an angle of 20.8° to the substrate;  

distributed according to Figure 12d. 

 

2.1.5 Dependancy of a Si-NW’s orientation and size on growth 

parameters 

 

Figure 13 gives a good impression of the dependence of a NW’s orientation on 

diameter, temperature and partial pressure of the precursor. Schmidt et al. [59] showed 

that the orientation the NW obtains during growth is dependent on its diameter (Figure 

13a). At diameters from 10 to 20 nm [110] oriented NWs are dominating, although 

[112] and [111] oriented NWs can still be found. At higher diameters [111] oriented 

NWs are increasingly favoured. [112] NWs are present at diameters up to 35 nm, but 

are not dominating the numbers at any diameter. It should be noted, that these results 

were taken under certain conditions and therefore should not be generalised.  

Another important relationship was investigated by Westwater et al. [13], which is 

displayed in Figure 13b. This figure displays the habitus of a Si-NW depending on 

partial pressure of the precursor, in this case silane, and growth temperature. High silane 

partial pressures favour the formation of kinks, as do low temperatures. To produce a 

straight NW, high temperatures and low partial pressure are necessary, although these 

results should not be generalised as they were obtained under certain conditions. This 

dependence was exploited by Tian et al. [62], who produced zig-zag Si-NWs by 

variation of the partial pressure and therefore forced the NW to change growth 

orientation during. The thickness of the NWs indicated in Figure 13b does not directly 

depends on the amount of precursor available during the process. Otherwise the NWs at 
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a) b) 

600°C with the lowest partial pressure would be the thinnest. The diameter of a NW is 

directly determined by the size of the catalyst particle, from which the NW nucleates. 

The particle size on the other hand is determined by its contacts angle, which depends 

on the surface tension . Like discussed before  depends on temperature, the molecules 

on the three interfaces and of course, the chemical composition of the catalyst particle 

itself. So therefore a NW’s shape and orientation mainly depend on the surface 

tension . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For practical growth applications, it should be mentioned that even the condition of the 

reaction tube can alter growth behaviour. In case of a new, clean reaction tube, more 

precursor would be deposited on the sidewall and the precursor’s partial pressure would 

be lower in comparison to later experiments, where the sidewall is already covered [63]. 

Also metallic remainders on the tube wall, like In, have been reported to influence 

growth during subsequent runs [64]. 

Although so many parameters, of which some are hard to quantify, make it difficult to 

choose the right setup, it offers an excellent chance of tuning a NWs’ properties. In this 

context Sunkara et al. [65] have shown that Ga catalyses the growth of [100] oriented 

Figure 13: a) Orientation dependence and frequency of occurrence on a NW’s 

diameter of Si-NWs grown on Si (111) substrate [59]. 

b) Dependance of a Si-NW’s morphology on temperature and partial 

pressure of the precursor [13]. 
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Figure 14: Schematics and dissociation energies of some Si-precursor molecules 

after Walsh et al. [69]. a) OCTS, b) SiH4, c) SiCl4 and d) Si2H6; drawn in 

ChemSketch. 

74.8 kcal/mol 

91.8 kcal/mol 

OCTS 

Silane 

Silicon 

tetrachloride 

Disilane 

110 kcal/mol 

76.7 kcal/mol 

a) 

b) 

c) 

d) 

Si-NWs by utilizing the VLS mechanism in a microwave plasma reactor. Gösele et al. 

[39] achieved growth of [111] oriented Si-NWs with Al via VSS growth; however 

requiring UHV conditions. An approach with Pt was shown by Baron et al. [66] leading 

also to [111] oriented Si-NWs catalysed by PtSi islands. Using Ag particles of different 

size Wittemann et al. [67] achieved Si-NWs of [110], [111] and [112] orientation on a 

(100) oriented substrate. Finally Morral et al. [68] have utilized Cu, leading to VSS-

grown [110] and [1210] oriented Si-NWs with diamond and even wurtzite structure 

within the same NW. 

 

2.1.6 The precursor – Octachlorotrisilane (OCTS) 
 

Many precursors, like the before mentioned SiH4 [23], SiCl4 [2] and Si2H6 [24], are 

currently used in CVD related Si-NW synthesis methods, but for this work 

octachlorotrisilane (OCTS, Si3Cl8) was chosen. In comparison to other common 

precursors, OCTS offers 3 Si-atoms per molecule, thus promising high growth rates at 

low partial pressures. It also features a more easily to break Si-Si bond (74.8 kcal/mol) 

than SiH4 with its stronger Si-H bond (91.8 kcal/mol) or SiCl4 with the even stronger 

Si-Cl bond (110 kcal/mol) [69]. Even Si2H6 features slightly higher dissociation energy 

(76.7 kcal/mol) than OCTS (see Figure 14).  
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Thermodynamic simulations concerning the stability of OCTS were conducted by 

Ezhov et al. [70] and revealed that OCTS is already decomposing at 550 K, although 

noticeable decomposition does not start until 900-1000 K. According to dissociation 

energies and the work of Ezhov the following decomposition mechanism is proposed. 

 

 

 

 

 

Also in contrast to more common precursors, OCTS is a liquid at room temperature 

(TB = 487 K). Hence a saturator with carrier gas is necessary to introduce it into the 

growth atmosphere, as it shows sufficient partial pressure at room temperature (~0.03 

mbar, Figure 15) [71]. 

 

 

 

 

 

 

 

 

 

 

 

2.1.7 Doping of NWs 
 

Doping of Si generally means the introduction of impurities of group III (B)- or V-

elements (P, As) to alter its electrical properties. This can be done in-situ (during 

growth) or ex-situ (after growth) by implantation or diffusion doping. Ion implantation 

is a technique, which is usually used ex-situ and will therefore not be discussed in this 

context. In-situ doping of impurities into the NW can happen in several ways. One way 

would be to use a metal catalyst like In [72], Al [72] or Ga [44], which typically 

incorporates itself during growth and works as a p-type dopant. Also adding a small 

amount of dopant to the catalyst particle can serve the purpose [33], although it is 

problematic to control the dopant distribution. Other methods attempt to incorporate the 

Figure 15: Partial pressure of OCTS as a function of temperature after Martin [71]. 
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dopant by co-evaporation during MBE [73] or co-ablation for NW growth via laser 

ablation [74]. For the APCVD-method used in this work the most common doping 

method is to introduce the dopant via an additional gaseous precursor during growth. 

Theoretically doping using donors and acceptors can cause concentrations ranging from 

10
13

 up to 10
21

 atoms/cm³. However, in situ doping can not only alter electrical 

properties, but also growth behaviour considerably. With Si-NWs the addition of B2H6 

results in an amorphous Si-shell, which can account for up to 2/3 of the NW’s diameter 

[75]. In classical CVD n-dopants like P block the free surface sites on the silicon 

substrates, where usually SiH4 molecules would be absorbed [76], and therefore reduce 

growth rates. Schmid et al. [58] have determined that PH3 reduces a NW’s growth rate 

by roughly 8% independently of its diameter. At a PH3/SiH4 ratio of 2*10
-3

, epitaxy is 

affected and a further increase of the PH3 concentration leads to a total inhibition of Si-

NW nucleation. Similar observations of growth rate reduction were made by Schmid 

when using AsH3 as dopant. In this case also a change in surface tension of the Au 

droplet was observable, so the reduction in growth rate may not be solely attributed to 

As blocking absorption spots on the catalyst droplet. 

Another important aspect of in situ doped NWs is the dopant distribution. Therefore 

Koren et al. [77] have investigated the radial donor concentration of a Si-NW by 

subsequent etching and Kelvin probe force microscopy (KPFM, Figure 16). KPFM is a 

variation of atomic force microscopy to determine the work function of surfaces. A 

tendency of dopant atoms, like B and P, to diffuse to the surface was confirmed this 

way. In another work Peelaers et al. [78] calculated this phenomenon by using ab initio 

studies. They revealed a segregation of dopant atoms close to the surface, where dopant 

atoms can be trapped and even electrically inactivated. This effect intensifies for thinner 

NWs as the ratio of surface to bulk atoms increases. 

 

 

 

 

 

 

 

 

 



  2 Theory 

 

 32  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Electrical properties and characterisation of NWs 

2.2.1 Schottky contact 
 

If a metal and a semiconductor are brought in close contact a barrier will form. To 

explain this phenomenon Schottky [79] proposed a model for calculating the barrier 

height and shape (see Figure 17). When the length of the space charge region  is 

infinite (as depicted in Figure 17a), metal and semiconductor are defined by their work 

functions qm and qS (=qVn+q) respectively. Here qVn represents the difference of 

Fermi level and conduction band (EC), while q (electron affinity) is the difference 

between EC and the vacuum EVAC. The difference between m and S is called contact 

potential. If  decreases, an increasing negative charge is built up on the metal surface 

and a corresponding positive charge in the semiconductor. As there is a low carrier 

concentration in the semiconductor to begin with, electrons from the metal start to 

recombine with positive charge carriers close to the contact interface. So a depletion 

zone (W) forms and the energy bands are bent according to Figure 17b. Also EF of 

metal and semiconductor align to each other due to diffusion of electrons. If  decreases 

further to atomic distances, the gap becomes transparent for electrons. In this case the 

Figure 16: Inhomogeneous dopant distribution in a Si-NW [77] determined by 

KPFM. The NW was prepared by a combination of etching and lithography to 

create a stepwise thinning for dopant concentration investigation. 
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barrier height for electrons can be defined by Equation {14} (n-type) or Equation {15} 

(p-type), and therefore qB solely depends on m. 

  

 

 

 Length of the space charge region [m] 

m Work function of the metal [J] 

S  Work function of the semiconductor [J] 

Vn Difference between conduction band and Fermi Level [J] 

χ Electron affinity [J] 

EC Conduction band [J] 

EVAC Energy of the vacuum level [J] 

EF Fermi energy level [J] 

EV Energy of the valence band [J] 

W Length of the depletion zone [m] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: a) Energy band positions in a metal and semiconductor with  = ∞.  

b) When  reaches atomic scale a metal/semiconductor contact is 

established, leading to the formation of a Schottky barrier. In an 

ideal contact, qB denotes the Schottky barrier height and W the 

length of the depletion zone. 

{14} {15} 
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In this context the minimum energy for an electron at the Fermi level to escape into 

the vacuum is defined by the metal’s work function qm, usually 2 to 6 eV for metals. If 

this electron is brought to a distance x from the metal, a positive charge will be induced 

on the metal’s surface, the image charge. The attractive force, the image force, that 

exists between electron and image charge is given by Equation {16}, where 0 is the 

permittivity of free space. 

 

 

 

 

The work of an electron that is transferred from infinity to a distance x from the metal 

is thus given by Equation {17}. 

 

 

 

 

If an external field  is present the total potential energy is given by Equation {18}. 

 

 

 

 

When an electron is approaching the metal-semiconductor interface, an image charge 

builds up. The potential associated with these charges reduces the effective barrier 

height, what is called Schottky barrier lowering or sometimes image force lowering. In 

this case the potential energy can be altered considerable by a single electron, although 

the depletion region contains more charge. The reason for this lies in the distribution of 

the charges inside the depletion layer. A single electron is far enough away from the 

other charges in the semiconductor to be considerably influenced by the potential 

energy of all the other charges. 

 In this case the maximum potential energy of a single electron reaches its maximum, 

due to the ionized donors, at xmax (Equation {19}). The Schottky barrier height lowering 

(ΔB) in this case can be calculated by Equation {20}. 

 

 

{16} 

{17} 

{18} 
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All this is valid for an ideal Schottky contact, what is not well supported by 

experimental data due to surface effects on the semiconductor like dangling bonds, 

defects or impurities. This deviation from ideal Schottky behaviour is usually described 

as "Fermi level pinning". In this case the barrier height is no longer solely dependent on 

m, it is also affected by the charge neutrality level (CNL) according to 

qB=(dB/dm)*(m-CNL)+(CNL-χS) [80]. Depending whether the CNL is positioned 

above or below EF, a negative or positive charge is built up at the interface respectively. 

In most cases EF is located above CNL and a large negative charge is generated, what 

degrades NMOS technology performance by Coulomb scattering and charge trapping 

[81]. 

 

2.2.2 p-n-junction 
 

Because of its rectifying behaviour, a p-n-junction is one of the basic elements of 

semiconductor technology. Applied in diodes, transistors and solar cells, it basically 

consists of a p-doped region adjacent to an n-doped region (Figure 18). Depending on 

the doping technique the profile can be continuous (diffusion) or abrupt (MBE, 

alloying). Due to the high difference of electric carrier concentrations between these 

regions, a gradient forms at the border by diffusion currents; the space charge region . 

As the total charge of the space charge region is 0, there has to exist an electric field, 

that induces a current equal to the diffusion current: the drift current. 

 

 

 

 

 

 

 

 

Figure 18: Schematic illustration of a p-n-junction with space charge region ; U=0 

V. The charge carriers experience a dynamic equilibrium. 

Space charge region  

p-doped region n-doped region + - 
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Under 0 bias condition, the diffusion voltage (UD) is naturally applied to the space 

charge region. For U>0 V (forward bias) the voltage at the junction is UD-U. The 

voltage is therefore reduced and electrons are induced into the p-region, while holes are 

induced in the n-region. As there are plenty of minority carriers injected from the 

majority carrier reservoirs, a comparatively large current can be expected.  

For U<0 V (reverse bias) both majority carrier flows are prohibited by the bias, 

although a small amount of minority carriers transits the space charge region. These 

generate the cut-off current, which is very small. Also the minority carrier concentration 

is reduced at the borders of the space charge region, which leads to a voltage 

independent saturation current. For a better understanding the charge carrier densities 

for p-n-junctions in forward bias and reverse bias are illustrated in Figure 19a and b 

respectively. 

Using the depletion approximation, the length l of the space charge region can be 

calculated by Equation {21}. In this model the space charge density  is defined by 

=e*(ND-NA), hence solely by the concentrations of the dopant atoms. 

 

Figure 19: Charge carrier densities in a p-n-junction [54]:  

a) forward bias 

b) reverse bias 
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Equation {21} shows that the space charge region shrinks with increasing dopant 

concentration and bias voltage. Therefore a voltage change (U) causes a charge 

alteration (Q) at constant dopant concentrations by shifting the border of the space 

charge region. The quotient Q/U represents the junction capacitance CS, which can 

be calculated by Equation {22}. This is comparable to the capacitance of a plate-type 

capacitor with a distance l between the plates, while A denotes the cross section and ε0 

and εr the dielectric permittivity in vacuum and the relative dielectric permittivity 

respectively. 

 

 

 

If a forward bias is applied to a p-n-diode, holes are injected from the p-doped region 

into the space charge region. Therefore hole concentration at the border to the n-doped 

region surpasses the equilibrium concentration and a hole diffusion current is generated. 

These holes diffuse into the n-doped region and recombine with the surplus of electrons 

there. As the electrons are eliminated by recombination, a flow of electrons is generated, 

which decreases in the direction of the p-doped region. Accordingly a flow of holes is 

generated in the p-doped region by the recombination of electrons flowing from the n-

doped region. The amount of holes and electron, which combine with each other in the 

space charge region is neglected here. The total current can be calculated by Equations 

{23} and {24}, where IS and ID are the currents measured at the source and drain 

respectively, n the emission parameter, UT the thermal voltage, A the cross section of 

the p-n-junction, pn0 the hole density in the n-doped region at thermal equilibrium, Lp 

the diffusion length of holes in the n-doped region and τp the minority carrier life time 

in the n-doped region; the values for electrons in the p-doped region are named 

analogously. 
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l

A
C 0 {22} 
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a) b) 

2.2.3 Real diode 

 

The Shockley diode model (Equation {21}) is an extension to the ideal diode model 

(I/U characteristics are shown in Figure 20) and sufficiently describes most diodes 

encountered in practise, while conducting in forward bias.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nonetheless there are several effects which make a real diode differ from the values 

calculated with the Shockley model. These effects are shown in Figure 21 and 

subsequently explained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Ideal I/U characteristics of a diode [54]: 

a) linear plot  

b) semi- logarithmic plot  
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In total there are five effects, which make I/U curves differ from ideal: 

(a) Generation-recombination current region 

(b) Diffusion current region 

(c) High-injection region 

(d) Series resistance effect 

(e) Reverse leakage current due to generation-recombination and surface 

effects 

 

In region (a) the generation and recombination of excitons (electron-hole pair) 

dominates the current. An excition, or electron-hole-pair, is formed when an electron 

from the valence band is excited into the conduction band either by a photon or a 

phonon. This process is also called generation. Once excited, the electron has three 

options to relaxate. The first is by emitting a photon, what is normally encountered in 

LED. The excited electron can also fall back to a recombination level (between valence 

and conductance band) and then recombine with the hole in the valence band. This is 

accompanied by generation of a phonon and therefore emission of thermal energy. This 

option is strongly promoted when defects are inserted into the crystal lattice. The third 

Figure 21: I/U characteristics of an ideal diode model in contrast to the Shockley 

model [54]. 
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option is called Auger recombination and happens, when an excited electron recombines 

with a hole in the valence band and transfers its lost energy to second electron in the 

conductance band. The latter electron is then ionized. 

Region (b) is influenced by the diffusion current. The diffusion current is induced by 

an unbalanced distribution of charge carriers, what is sought to be balanced by thermal 

fluctuation. The charge carriers are therefore diffusing to areas of lower concentration 

and causing the diffusion current. 

High injection (region (c)) is encountered when the excess minority charge carrier 

density exceeds the doping density of the material. At the same time the majority carrier 

density also increases. For charge neutrality to exist, the excess electron density has to 

equal the excess hole-density. If this results in a net charge, a electric field is generated 

to restore charge neutrality. 

At very high injections (region (d)), series resistance starts to play a role, what can 

mainly be attributed to the metal contacts at the end of the diode.  

 

2.2.4 Surface effects 
 

Because of their small size a considerable portion of a NW consists of surface atoms, 

which have different properties compared to bulk atoms. These surface atoms play a 

crucial role in charge carrier transport. Basically two effects can differ. 

 

2.2.4.1 Surface scattering 
 

Several sources can function as scattering centers for charge carriers in NWs, thus 

reducing their mobility. Quantitatively, the mobility of the charge carriers is determined 

by the rule of Matthiessen (Equation 25). According to this rule the different kinds of 

scattering, µI (Scattering due to impurities), µL (lattice phonon scattering), µD 

(scattering on defects) and µS (surface scattering), are  only considered as if just their 

specific scattering occurs. The correlations between the scattering sources are not taken 

into account by the Matthiessen rule, but delivers a rather good approximation. 

 

 

 

 

 

 

 

{25} 



  2 Theory 

 

 41  

 

 LrrNLrN effaS

22

002  

For NWs, a high portion consists of surface atoms, thus increasing surface scattering 

and decreasing the overall charge carrier mobility. As surface defects can reduce the 

electron mobility considerably, a lower dopant concentration can be calculated than 

actually present in a NW, if this is not taken into account. 

 

2.2.4.2 Surface charges 
 

When getting in contact with air a Si-NW inevitably gets covered with native oxide. 

At the interface between the oxide and the remaining Si body, traps with energy states 

within the Si band gap are may be formed. These states are generated by excess silicon, 

dangling Si bonds, excess oxygen or impurities [82]. Typically, this results in a positive 

charge region near the interface [83], and a depletion region is formed to compensate 

this surface charge (Figure 22). Aside of enhanced scattering, this reduces the effective 

conducting cross section of a NW. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The effective radius of the conductive region reff is described by Equations {26} and 

{27}, with interface charge density NS, electrically active dopant concentration Na, the 

NW’s radius r0, the radius of the unaffected NW reff and the length of the NW L. 

This condition is called charge balance equilibrium, when the total charge at the 

interface is completely balanced by the charge in the depletion region inside the NW 

[84]. The area for the remaining conductive region Aeff can be calculated from Equation 

{27} and Equation {28}. 

 

 

 
{26} 

Figure 22: Schematic of a p-type NW cross section, with a depletion region due to 

the presence of positive charges at the Si-SiOX-interface. The conducting portion of 

the NW is therefore reduced with respect to the geometric dimensions; After Wolf 

et al. [83] 

r0 
reff 

Fixed positive charge near the Si-SiOx-interface 

Depleted region 

Conductive region 
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Equation {28} can be further combined with Ohm’s law R=ρ*(L/A) to calculate a 

NW’s resistance (Equation {29}). 

 

 

 

 

 

It obvious from Equation {28}, that a high dopant concentration Na increases Aeff. In 

this case the electrons that are necessary to compensate the positive interface charge are 

available in huge numbers and therefore the depletion region is negligible. An intense 

investigation and quantification of the size of Aeff has been conducted by Schmidt et al. 

[85]. They stated that a critical radius can be calculated in dependence of surface 

potential, surface charge density and trap level densities. According to this work a NW 

with 50 nm in diameter, a medium trap level density of 10
11

 eV
-1

cm
-2

 and fixed oxide 

charge density of zero should have at least an active dopant concentration (NA) of 

3*10
16

cm
-3

 or it would be fully depleted. 

In this context it should be mentioned that Kamins et al. [86] discovered the ability of 

surface adsorbed molecules to modulate a NW’s conductivity due to their inductive 

effect. The inductive effect describes the phenomenon, that molecules can change the 

electron distribution within the molecule by their electronegativity. This results, 

depending on the nature of the atoms in the molecule, in an increased or decreased 

electron density across the molecule. These molecules can then adsorb to a NW’s 

surface and influence surface charges. Dependent on whether the molecules experience 

a +I or –I (charging or de-charging of electrons into the NW’s surface) effect the 

induced surface charges can either repel or attract mobile charges and thus decrease or 

increase its conductivity. 

 

{28} 

{29} 

{27} 
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2.2.5 In-situ doping of NWs 
 

A NW’s electrical properties, habitus and defects strongly depend on the growth 

process. Although the theoretic aspects of this theme has been discussed earlier, the 

appliance to a practical growth process is far from simple; especially when doping 

agents are intentionally - or even unintentionally - involved. 

A good example for unintentional doping is the work of S. M. Eichfeld et al. [87], 

where Si-NWs were grown in Al templates.  The intrinsic NWs experienced an unusual 

low resistivity of roughly 2.7 *cm compared to bulk Si, which exhibits ~10
5
 *cm. 

Later investigations revealed Al doping, which was incorporated from the templates 

during growth. In CVD related methods other metal catalysts, like In and Ga, have 

similar effects on a NW’s resistivity and usually cause p-type doping.  

Another possibility to insert dopants into a NW during growth is to add them to the 

catalyst particle. Schmidt et al. [26] added a small amount of Sb to the catalyst particle 

of Au to achieve in-situ doping of a Si-NW, which was later integrated into a vertical 

surround-gate FET. Although this methods works in principal, it was found to be 

inefficient in this work. 

Perhaps the most common method to introduce doping atoms during growth is to add 

a gaseous dopant; an overview of the effects on resistivity is shown in Figure 23. 

Investigations on this theme were made by Cui et al. [31] and J. R. Heath et al. [33], 

who received intrinsic Si-NWs with specific resistivities of at least 3.9*10² *cm. 
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When these NWs are doped with P (from PH3) the specific resistivity dropped down 

as far as 2.3*10
-
² *cm. Björk et al. [27] also found out, that there is almost linear 

dependency between resistivity and dopant/silane ratio when using PH3, as long as no 

PH3:SiH4 ratio greater than 2*10
2
 is applied. In this case, NW nucleation seems to be 

inhibited [29]. 

Unlike P dopants, B dopants severely alter the growth process and therefore do not 

apply to such a simple dependency. Lauhon et al. [75] discovered, that the presence of B 

accelerates the decomposition process of the precursor and a thick amorphous shell is 

deposited around the NW, what impedes proper contact formation. As amorphous Si 

also features a larger resistivity than crystalline Si, this is a good explanation for the 

rather high resistivity encountered for p-type Si-NWs by Lew et al. [28] and Cui et al 

[31]. In some cases, the presence of B is also responsible for a strong NW tapering. 

Nonetheless the acceleration of precursor decomposition usually shifts growth 

temperatures downwards. 

Cui et al. [31] also investigated Si-NWs via back gated measurements (Figure 24).  

Figure 23: Si-NW resistivity versus dopant/silane ratio after Schmidt et al. [3]. 

Three phosphorus dopants and five boron dopants were plotted (TMB – 

tetramethylboron). The P-doped NWs show a practical linear dependency between 

resistivity and amount of added dopant. 
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Figure 24a shows the electric behaviour of intrinsic NWs at different gate voltages 

(VG). When decreasing VG, the resistivity also decreases what is typical for a p-type 

semiconductor. The I/V relation is mostly linear, although curving at voltages around 

VG=0 indicates non-ohmic contacts. When doping the NWs even slightly the contacts 

become ohmic and also experience stronger p-type behaviour (Figure 24b). In contrast, 

highly B-doped NWs could not be modulated anymore as the conducting channel could 

not be closed (Figure 24c). 

 

2.2.6 Electrical characterisation of Si-NWs 
 

When measuring a NW’s resistivity, the probably most common method is to apply a 

voltage between two contacts and to measure the current. This measurement setup is 

known as a 2-point measurement, where the calculated resistance according to Ohm’s 

law (U = R*I) consists of the actual resistance of the NW (RNW) and a parasitic serial 

resistance (RC) originating from the contacts (Equation {30}). 

 

 

Figure 24:   

a) I/V recorded on a 70 nm diameter intrinsic Si-NW at different gate voltages 

(VG). Curves 1, 2, 3, 4, 5, 6, and 7 correspond to VG = -30, -20, -10, 0, 10, 

20 and 30 V, respectively.  

b) I/V data recorded on a 150 nm diameter B-doped Si NW; curves 1-8 

correspond to VG = -20, -10, -5, 0, 5, 10, 15 and 20 V, respectively.  

c) I/V curves recorded on a 150 nm diameter heavily B-doped Si NW; VG = 20 

V (solid line) and 0 V (heavy dashed line) [31]. 
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Figure 25: Schematic for a 4-point measurement of a NW with an isolation layer 

and back gating possibilities. This setup allows measuring RNW by separation of 

current and voltage electrodes. 
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The contact resistance in case of a Si-NW, where contact areas are small and Schottky 

contacts are encountered, can be considerably high. 

To avoid this problem a 4 point measurement setup can be used according to Figure 

25. The current at contact 2 and contact 3 is set to 0 A, while a defined voltage USD is 

applied between contacts 1 and 4. As current and voltage electrodes are separated in this 

setup, the voltage drop U can be measured currentless and therefore independent from 

the contact resistance. 

Using U and the current between contact 1 and contact 4, ISD, the NW’s specific 

resistivity ρ can be calculated by equation {31} when the NW’s geometry (radius = r, 

length between contacts 2 and 3 = l) is known. This makes the 4-point measurement 

setup a convenient choice for measuring a NW’s resistance (RNW). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

2.2.7 Backgated Schottky-Barrier NW-FET 
 

One of the most convenient ways to build a NW-FET is to remove the NWs from their 

substrate by ultrasonication, disperse them on a highly conductive Si-wafer with an 

dielectric layer atop and contact them via electronic beam lithography, metal deposition 

and lift off techniques. In this setup, the NW works as the channel of a FET device and 

the Schottky-contacts as source/drain p-n junctions. Subsequently the substrate was 
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Figure 26: Schematic setup of a NW-FET. A constant voltage is applied between 

source and drain (USD), while modulation of UG causes a channel to be formed 

along the NW by either injection or removal of electrons. The dielectric layer 

electrically separates the NW from the substrate. 

contacted through the dielectric layer. Hence the highly doped Si-substrate functions as 

a back gate (Figure 26).  

 

 

 

 

 

 

 

 

 

 

 

 

One of the major effects when measuring such a NW-FET is that the applied gate 

voltage strongly influences the band structure of the NW. When a negative voltage is 

applied at the gate the NW’s band bends upwards. Vice versa the band bends 

downwards when UG becomes positive [88]. This behaviour is described in Figure 27. 

If there is strong upwards bending holes are accumulated at the NW’s surface. 

Because of the Schottky barrier height, the carrier injection through the source barrier 

predominantly consists of tunnelling holes as depicted in Figure 27a. If UG is set to 0 V, 

the charge carrier transport becomes dominated by thermoionic emissionthrough the 

source barrier, because the barrier width increases due to weak downward bending of 

the band structure (Figure 27b). So the Schottky barrier for the holes increases when UG 

becomes increasingly positive. In the case of a positive gate potential (Figure 27 c), the 

charge carrier transport is dominated by electrons tunnelling through the drain barrier. 

In literature, where more electrons are accumulated at the NW’s surface than there are 

holes in the NW, this phenomenon is called inversion. 

The schematic in Figure 27d shows a semi-logarithmic plot describing the transfer 

characteristics for the three cases in Figure 27a, b and c. In the dark red region the 

current transport is dominated by thermoionic emission of holes. In this ohmic regime 

the relation between UG and ID is exponential. The inclination peaks in this region, 

which extent strongly, depend on the overall resistance of the device. The remaining 
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two regions are dominated by the tunnelling of holes (light red) and electrons (blue), 

what depends on the Schottky barrier height. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 27: Schematic illustration of band structures of a Schottky-Barrier FET.  

a) VG<0V; The bands are bent upwards, thus resulting in a tunneling current of 

holes through the source barrier.  

b) VG=0; Holes flow from source to drain by thermo-ionic emission.  

c) VG>0V; Electrons tunnel through the drain barrier 

d) Expected transfer characteristics are illustrated by a schematic 

UG 0 

log ID 



  2 Theory 

 

 49  

 

2.3 Transmission Electron Microscopy (TEM)  

2.3.1 Principles of TEM 
 

As mentioned before crucial factors for a NWs quality are its crystallinity, growth 

orientation and composition. To analyze these properties on the nanoscale, TEM is the 

ideal tool. TEM offers the possibility to visualize even the tiniest defects like stacking 

faults, twin crystals, substituted or missing atoms, growth orientation, strain and 

thickness effects. It is also possible to analyze compositions in nano scale volumes [89], 

when using energy dispersive detectors. Respective methods are called Electron Energy 

Loss Spectroscopy (EELS), where the energy loss of inelastic scattered electrons is 

determined, and Energy dispersive X-ray Difraction (EDX), where X-ray emission from 

the sample is measured after being excited by an incoming electron. One disadvantage 

of TEM is the sometimes extensive sample preparation, in most cases sufficient 

thinning, as electrons must be able to pass through the specimen to be analysed. Luckily 

this part is not necessary with NWs as they are already transmissible at their tiny sizes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28:  a) Schematic illustration of TEM principle, where the inclined 

electron beam is focused on the sample and scattered in discrete 

angles depending on the sample’s crystallographic properties.  

b) Diffraction pattern (DP) of a Si (111) plane (DP) generated by this 

method [89]. 
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The principal operating mode of a TEM is shown in Figure 28a. The acceleration 

voltage is an important feature of a TEM and usually ranges from 80 to 400 kV, 

although there are also TEMs in the MV region for conducting special analysis. The 

thickness of the sample can range from the nanometer-scale up to some micrometers. 

Atoms with high atomic numbers cause greater back scattering rates of the electrons and 

therefore such samples need to be thinner. 

The electron beam is focused by condenser lenses on the area of interest so that 

practically all electrons incline parallel to each other. The electrons are then scattered in 

certain angles by the atoms in the sample according to the crystallographic properties of 

the sample. The scatter mechanism proceeds according to Rutherford scattering.  

After the electrons have passed the sample, the diffracted electrons are analysed by a 

CCD camera, which analyses the distribution of the reflexes and converts it into a 2D-

diffraction pattern (DP, Figure 28b). For exact analyses on increasingly small areas, 

monochromators are used to reduce the energy spread of electrons. Modern devices are 

capable of reducing the spread to 0.15 eV. 

Similar to a light microscope, also a TEM can be operated in bright field or dark field 

mode. When using the bright field mode, the whole beam is used for imaging. Thicker 

regions or regions with heavier atoms appear dark as fewer electrons are able to pass 

through and reach the detector. If the un-scattered beam is blinded out by an aperture, 

the sample will appear dark wherever no electron scattering is present, this is called 

dark field mode and usually employed to enhance contrast. 

In theory these reflexes only appear if the Bragg condition is fulfilled as only then 

constructive interference occurs (white spots in a DP). Otherwise no reflexes should be 

observable due to destructive interference (see Figure 29 for illustration and subsequent 

derivation). 
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The following derivation will explain why there is only constructive interference when 

the Bragg condition is met. 

There is a path difference between the ray reflected at A and the ray, that transmits 

first and is then reflected at B (path AB and AC). The latter one of those two exhibits a 

path difference, which can be written as: 

   

 

 

Eventually these two rays are in the same phase and conduct constructive interference 

only when λ (wavelength) is an equal to any integer of d (lattice constant), or vice versa. 

  

 

By using trigonometric functions, the paths can be written as: 

 

 

 

The path AC’ can also be written by using trigonometric functions as: 

 

 

 

 

 

Figure 29: Schematic of electron scattering at 2 different atoms on different 

atomic layers. If the Bragg condition is fulfilled constructive interference leads to 

a bright spot in the DP [89]. 
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Combining these equations finally leads to: 

 

 

  

This can be simplified to: 

 

 

In practise there are reflexes observable even though the Bragg condition is not met. 

To correct this problem, the Ewald sphere was introduced (Figure 30).  

 

 

 

 

 

 

 

 

 

 

 

If the Ewald sphere cuts through a reciprocal lattice point (fourier transform of the 

spatial wavefunction of the original lattice) the Bragg condition is met and a reflex 

appears. Nonetheless reflexes are present even if the Ewald sphere is not intersected. 

The reason for this is that diffraction at reduced intensity can still occur, if the reciprocal 

lattice point is close enough to the Ewald sphere. To quantify this deviation an 

excitation error or deviation parameter s has been introduced, which describes the 

distance between a lattice point and the Ewald sphere. A further correction of s is done 

by considering the extinction distance g (Equation {32}), which is defined as the 

distance the beam travels as its intensity changes from I = 1 to I = 0 and back to I = 1 

while passing through in the specimen. 

 

 

 

Figure 30: Ewald sphere intersected in an array of reciprocal lattice points [89] with 

kI and kD representing the wave vectors of the incident and the diffracted beam. 

respectively. 

{33} {32} 
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Thus it is possible to calculate the thickness (t) dependant intensity g by the Howie-

Whelan equations (Equation {33}). 

As the radius of the Ewald sphere is inversely proportional to the wave length  of the 

irradiated electrons the sphere extends with increasing acceleration voltage. A flatter 

sphere can intersect more lattice points and so higher voltages are favored for TEM 

analysis; i. e. 200 kV to 1300 kV in practice.  

The angles and distances between these reflexes in a DP can be attributed to scattering 

angles of electrons passing through the sample. Every crystal scatters electrons in a 

characteristic way and therefore its crystal structure, crystal orientation and composition 

can be identified. Therefore depending on the angle and distance of the reflexes to the 

center, a DP can be indicated. Figure 31 gives an example of (111) and (112) plains of a 

cubic-fcc crystal like Si or Ge. In practice, the resulting DP also depends on the tilt and 

turn angles of the sample relatively to the incident beam, so mostly specialized software 

is used to reduce time and effort when indicating a DP. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

2.3.2 Thickness effects 
 

Another important feature of TEM is the determination of the thickness fringes, 

sometimes also called thickness contours. This phenomenon can be explained by means 

of Figure 32a, which shows a thin, etched MgO film with holes in it. The direct and the 

diffracted beam’s intensity oscillate in a complementary way (Figure 32b), what causes 

an intensity fluctuation along a thickness gradient. If the sample is very thin, the 

Figure 31: Diffraction patterns with crystallographic orientations and their 

respective angles to each other already indicated [89].  

a) cubic-fcc (111) plane 

b) cubic-fcc (112) plane 
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a) b) 

intensity of the direct beam is high and these regions appear white in a bright field 

image. Analogously the very same regions would appear black in a dark field image as 

the intensity of the diffracted beam is next to zero. The exact difference in fluctuation is 

given by g, the extinction distance, what causes the diffracted beam’s intensity to peak 

at integer values of ½ of g. In practice this causes an alternating pattern of bright and 

dark region as seen in Figure 32a. 

This phenomenon is also highly dependent on the angle, what reduces the validity to 

very small areas. With increasing thickness of the sample, the percentage of absorbed 

electrons naturally increases and the contrast is less pronounced, what results in a more 

dimmed image (lower left of Figure 32a). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 Stacking faults 
 

Principally a stacking fault occurs when a crystallographic plane is terminated during 

growth and the adjacent planes bend into the now available space (Figure 33a). Figure 

33b shows a bright field TEM of stacking faults as fringes with alternating intensity. 

The reason for this alternating pattern is that due to the bended planes the crystal 

deforms and the excitation error seff differs. This affects intensity and results in a striped 

pattern. Figure 33c shows this also in a High resolution TEM on the nano-scale [90]. 

Figure 32: a) Bright-field image of an etched MgO film. The white regions 

represent holes.   

b) shows the dependence of the direct and diffracted beam’s intensity. 

At certain values of ξg the intensity of the beam either reaches a 

maximum, or diminishes completely, what is caused by constructive 

or destructive interference. ξg depends on the distance the electron  

travels through the sample [89]. 
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a) b) c) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.4 Twinning 

 

A crystallographic twin is usually encountered, when two crystals of the same species 

join together by a definite, mutual orientation. There are three kinds of singular twin 

crystals known. 

Contact twins are aligned via a single composition surface across a mirror surface. 

Quartz or plagioclase often exhibits such twins. Merohedral twins occur when contact 

twins are 3-dimensionaly aligned, such as relative rotation of one twin to the other. 

Penetration twins appear as passing through each other in a symmetrical manner. Of 

course each kind of twinning can occurs in a single sample, what is known as multiple 

or repeated twins. 

When analyzing such an interface with TEM, the twin interface can be seen as a thin 

platelet (Figure 34a) or parallelepiped, which is inclined to the samples’ parallelepiped. 

Therefore each parallelepiped has a relrod. These can be intersected by the Ewald 

sphere, one normal to the surface sample and a second one normal to the twin boundary, 

what leads to a double spot in the SAED pattern linked by a thin line (Figure 34b). The 

space between the two spots increases with increasing s and is of course dependent on 

the beam’s angle. 

 

 

Figure 33: a) Schematic illustration of a stacking fault where one crystallographic 

plain cedes to exist and two adjacent planes bend into the available 

space. 

b) Bright field TEM-image of stacking faults in an fcc material [89].  

c) A High resolution TEM can reveal stacking faults in Si [90]. 
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a) 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: a) Schematic of a twin boundary interface represented by a thin platelet.  

b) The DP shows two spots linked by a line. The spots originate from the 

sample and the twin boundary [89]. 



  3 Experimental Setup 

 

 57  

 

3 Experimental setup 
 

3.1 Atmospheric Pressure Chemical Vapor Deposition 

(APCVD) 
 

3.1.1 APCVD-setup 

 
Figure 35 shows the main components of the growth apparatus; a horizontal tube 

furnace with three separately controlled heating zones, a quartz tube connected to a gas 

supply and a pumping unit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To provide the furnace with gaseous OCTS precursor a saturator is utilized with He as 

feed gas. A Mass Flow Controller (MFC) regulates the amount of gas directed through 

the saturator. Via a second pipe, H2 is introduced into the system, to adjust growth 

parameters. The amount of H2 added is controlled by a second, separate MFC. The 

combined gas feed is then routed through a quartz tube inside a furnace with three 

heating zones. Each zone can be controlled separately, thus a defined temperature 

Figure 35: Schematic of the atmospheric pressure CVD system used for the growth 

of Si-NWs with OCTS. Helium is dosed by a Mass Flow Controller (MFC) as 

carrier gas and routed through an OCTS filled saturator. H2 is also dosed by an 

MFC, but does not pass the saturator. Heating zones A, B and C are regulated so 

that the temperature of the sample can be adjusted by positioning the samples along 

the temperature gradient. The Fe piece in the sample holder allows placing the 

sample at the desired temperature even during growth. To clean and purge the 

system prior to the experiment, a pump is used along with a manometer. Finally 

gaseous byproducts and remainders of the growth process are collected in a N2 (l) 

filled cold trap and an absorber to reduce waste and hazard. 
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profile can be adjusted. By using this profile several samples can be grown at different 

temperatures in one batch. A small piece of iron is placed at the rear of the back of a 

quartz glass sample holder, so that it can be moved freely by a magnet without breaking 

vacuum or growth atmosphere even during the growth process. So the temperature of 

the sample can be adjusted by positioning the holder with a magnet. As OCTS is also a 

harmful chemical and other decomposition products like chlorine gas and different 

chlorosilanes can be expected to form, a cold trap and an absorber are added before the 

exhaust to trap dangerous, gaseous species. 

3.1.2 APCVD-growth process 

 

Pieces of Si (111) are chosen as substrates, cleaned with acetone, rinsed with propan-

2-ol and blown dry with N2. A following dip into buffered hydrofluoric acid (BHF; 

HF:NH4F=7:1) removes the native oxide and guarantees a hydrogen terminated silicon 

surface. Depending on the growth parameters, a 2 nm thick layer of metal catalyst (Ag, 

Al, Au, Cu, In, Ni, Pt and Ti) is deposited on the substrate either by plasma enhanced 

sputtering or thermal evaporation. Where possible, colloids dispersed in propan-2-ol 

replace the deposited layer to offer additional size control. The colloids are deposited 

onto the sample by an Eppendorf pipette. Afterwards the propan-2-ol evaporates at a 

hotplate at 50°C. After an additional BHF dip the samples are immediately introduced 

into the APCVD-growth system. The tube is then alternately evacuated and purged with 

He three times to remove any remainders of air. The furnace is then heated up with the 

samples still outside of the heating zones under a flow of 100 sccm He until 

atmospheric pressure is achieved. Depending on growth parameters, 0 to 40 sccm of H2 

are added to the gas feed. When the furnace reaches the final growth temperature the 

sample holder is transferred into the growth region with the aid of the magnetic 

specimen-transport system. The specimen remains at the chosen temperature for 30 

minutes to saturate the catalyst with Si from the substrate. The precursor is then 

introduced by routing He through a saturator creating a gas mixture with a partial 

pressure of ~0.03 mbar of OCTS. The temperature during growth is determined by the 

position of the sample holder. Routinely, after 60 min growth the sample holder is 

pulled out of the heating zone resulting in a very fast cool down of the samples 

remaining in the growth atmosphere. Afterwards, the precursor flow is stopped and the 

quartz tube is purged with He. In following experiments the precursor is mixed and 

subsequently distilled with BBr3 and alternatively PCl3 to produce in situ doped NWs. 
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3.2 Sample preparation for TEM imagining 
 

To determine the crystallographic nature and eventual defects, the as grown samples 

are immersed in propan-2-ol. The NWs are then removed from the substrate by 

ultrsonification. Thus a suspension of NWs is created, which is later also used for 

electrical characterisation. Quantifoil TEM grids (Figure 36) are then used as carriers 

for TEM investigations. The TEM grids features a perforated carbon film with 2 µm 

holes separated by 2 µm mounted on a 200 mesh of copper. These grids are put into the 

NW suspension and used like a fishnet to collect NWs on the support film. Unlike many 

other bulk sized samples, which need extensive preparation, NWs can be made ready 

within minutes for analysing by this method. Sometimes organic contaminations, 

probably originating from the propan-2-ol used as suspending agent, are encountered 

and have to be removed by plasma cleaning prior to measurement. The NWs are then 

examined by a TECNAI F20 TEM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: Schematic of a Quantifoil TEM grid made of Cu with a perforated 

carbon film to handle nanosized samples. The magnification shows a NW caught 

on the support film ready for TEM investigation. Next to it is a diffraction pattern 

showing a (111) Si -plane. 
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3.3 Electrical Characterization 

Electrical characterization of the Si-NWs is conducted with a needle prober. All four 

point probe measurements as well as field effect measurements are performed in a 

darkbox. Micromanipulators are used to contact pads of about 50x50 µm by aid of a 

microscope. For characterization a precision semiconductor parameter analyser (HP 

4156A) is used. 

The processing of the measurement module is schematically shown in Figure 37. As 

substrate a highly p-doped piece of a (100) Si-wafer, which is cut along the (100) plane 

(Si
++

 (100) ), is covered with 80 nm of Al2O3 by atomic layer deposition (ALD). 

According to Figure 37/step I, the wafer piece is covered with AZ5214E photo resist 

(microChemicals GmbH). 200x200 µm² sized pads are structured by VIS lithography. 

Metal deposition is achieved by sputtering of Ti/Au (15 nm/120 nm), followed by a lift 

off in acetone (step II and III). The suspension of NWs prepared earlier is then dropped 

onto the prepared substrate (step IV) and covered again with polymethyl methacrylate 

resist. Electron beam lithography is used to structure the contacts of the NWs and links 

to the prepared Ti/Au pads (step V).  

After resist exposure and a very short dip in BHF, 100 nm Ni are sputtered. This is 

followed by a lift off through soft ultra-sonic sound in acetone (~50°C). Finally, to get 

access to the back gate a contact is formed by locally scratching through the Al2O3 layer 

and again sputtering 100 nm of Ni with a shadow mask (step VI). 

 

 

 

 

 

 

 

 

 

 

 

 

 



  3 Experimental Setup 

 

 61  

 

Figure 37:  Process flow to realize the measurement setup 

Step I:  A Si
++

 (100) piece with an 80 nm Al2O3 layer atop (ALD) is covered 

by lithographic resin.  

Step II:  The resin is structured by VIS-lithography and Ti/Au-pads are 

sputtered.  

Step III:  The resin is completely removed by lift off techniques.  

Step IV:  Distribution of in propan-2-ol dispersed NWs on the sample.  

Step V:  Distribution of resin on the specimen and subsequent structuring of 

contacts with e-beam lithography.  

Step VI:  Sputtering Ni contacts (100 nm thick) and performing a lift off with 

ultra sound in acetone. Afterwards a back gate was added by locally 

scratching the Al2O3 layer followed by sputtering Ni with a shadow 

mask. 
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3.4 Device processing of an in situ grown NW-diode 

According to Figure 38 a highly B-doped (111) Si substrate is prepared for growth as 

described above with 80 nm Au colloids as catalyst. OCTS mixed with PCl3 is then 

used to grow highly P-doped, epitaxial NWs to form an in situ grown diode (step I). To 

measure that diode the as grown NWs are embedded in 3 µm SU8 2002 resist (step II), 

followed by a hard bake and laid open by RIE (step III). The NWs upper ends are then 

covered in PMMA, and pads to contact them are structured by e-beam lithography (step 

IV). Ni contacts are then sputtered and the remaining PMMA removed by acetone. 

Finally the SU8 2002 layer is locally opened and Ni is sputtered using a shadow mask 

to form a gate contact for measurement. 
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Figure 38:  Process flow for in situ growth of a NW diode 

Step I:  Highly n-doped Si-NWs were grown on a highly p-doped (111) 

substrate (Si
++

). 

 Step II:  The substrate was covered by 3 µm of SU8 2002 resin (MicroChem 

GmbH, step II), followed by a hard bake.  

Step III:  The resin covered NWs were laid open by reactive ion etching 

(RIE). 

Step IV:  The NW’s upper ends were covered by PMMA and pads were 

structured upon them by electron beam lithography.  

Step V:  Ni pads were sputtered and the PMMA removed by acetone.  

Step VI: A back gate was added by locally scratching the SU8 2002 layer 

followed by sputtering Ni with a shadow mask. 
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4 Results and Discussion 
 

4.1 Au, Ag, Cu and Pt-catalysed Si-NW synthesis 

grown with OCTS 

 
For catalysed growth of Si-NWs Au has been the most commonly used catalyst since 

Wagner and Ellis [2] discovery of the VLS mechanism. Over the years Au was 

successfully used as catalyst for NWs with different composition at a wide range of 

process parameters and is therefore practically always the catalyst of choice when NW 

growth is the main aspect of the experiment. OCTS on the other side is a novel 

precursor compared to the more established SiH4, Si2H6 or SiCl4. Nonetheless it offers 

three Si-atoms per molecule, trice as much as SiH4 or SiCl4, and a very low dissociation 

energy compared to more established precursors (see chapter 2.1.6). 

 

4.1.1 Au catalysed Si-NWs 
 

According to section 3.1, samples were prepared and grown with OCTS as  

Si-precursor. 100 sccm of He were used to route the OCTS into the furnace for growth 

duration of 60 minutes. 80 nm Au colloids are used as catalyst to achieve better control 

over the NW density. Typical NWs and nanostructures grown this way, but at different 

growth temperatures, are shown in Figure 39.  
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At the highest temperature of 900°C (Figure 39a) densely grown NWs with a wide 

range of diameter from 50 to 500 nm and length up to 20 µm were observed. The 

appearance also varied strongly exhibiting bent, twisted or even kinked NWs, although 

the majority were straight.  

Downstream at 800°C (Figure 39b) the NWs were more uniform with about 8 μm 

length and 100-250 nm thickness. The kinks were strongly reduced and nearly all NWs 

were perfectly rod-like.  

Lowering the temperature to 600°C (Figure 39c) resulted in muscoid precipitations 

and very sparsely distributed NWs. These NWs were much shorter than their 

counterparts grown at higher temperatures, measuring only 1 μm in length and about 

Figure 39: SEM images of nanostructures grown with OCTS as precursor and Au 

colloids (diameter 80 nm) as catalyst at growth duration of 60 min (enlarged views 

in the inset) at growth temperatures of: 

 a) 900°C  

 b) 800°C  

 c) 600°C  

 d) 400°C  
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1 µm 

c) d) 600°C 
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1 µm 
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130 nm in diameter. At all temperatures between 600°C and 900°C catalyst particles 

were observed atop of the NWs, whose composition were verified to be Au/Si by EDX.  

At the lowest investigated temperature of 400°C (Figure 39d), just the initiation of 

NW-growth could be observed, when tail like structures evolved from individual Au-

particles. 

Here it was possible to grow NWs at temperatures down to 600°C efficiently, what is 

not possible when using SiCl4 as precursor. There are no examples in literature, where 

NWs were grown at temperatures below 850°C as it is not thermodynamically possible 

to break up the precursor below that temperature. 

In literature, when working with SiCl4 as precursor [63], the addition of H2 is often 

recommended in order to increase growth rates and impede tempering of the NWs. H2 

reacts with the chlorine atoms and forms HCl, which etches the thin native oxide layer 

on the Si surface presenting a clean crystal surface for epitaxial NW growth. Sometimes 

HCl is also added intentionally to the SiH4/H2 feed gas for improving epitaxy [44]. So 

the next logical step was to add H2 (20 sccm) to the feed gas. The samples grown with 

H2 addition are shown in Figure 40. 

 

 

 

  

 

 

 

 

  

 

 

 

  

 

 

At the highest temperature of 900°C straight, unusually large NWs with lengths of 

more than 10 µm and diameters up to 2 µm (Figure 40a) were observed. At lower 

Figure 40: SEM images of nanostructures, which were grown with OCTS as 

precursor and with the addition of 20 sccm H2 and a 2 nm Au layer was used as 

catalyst at growth temperatures of: 

 a) 900°C  

 b) 800°C 

a) 

1 µm 

900°C b) 

1 µm 

800°C 
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temperatures etching is the dominant process. A growth temperature of 800°C leads to 

triangular shaped etching pits, characteristic for a (111) substrate (Figure 40b).  

To understand the changes in growth behaviour it is necessary to investigate the 

decomposition mechanism of OCTS. As already mentioned in section 2.1.5 the 

decomposition mechanism can be described as follows. 

 

 

 

 

According to Ezhov [70] this decomposition reaction starts at 127°C, but becomes 

relevant at 627-727°C (Figure 41).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Although Ezhov’s work does not consider kinetic processes, it explains the trend of 

increasing growth rate with increasing temperature as more Si is generated at higher 

temperatures. If H2 is added to the feed it either results in very thick NWs (900°C) or 

etching (800°C and below). The reason for the etching is that H2 reacts with 

intermediate decomposition products and forms HCl. HCl is highly reactive at such high 

temperatures and forms volatile chlorosilanes with Si from the substrate, which easily 

evaporate and cause etching pits. At 900°C the mechanism is reversed and H2 is mainly 

used to break up SiCl4, a byproduct of the OCTS decomposition. Most NW growth 

experiments with SiCl4 in literature [2,91] also take place at 900°C or higher. Therefore 

the following decomposition mechanism can be assumed at 900°C. 

Figure 41: Thermodynamic equilibrium composition during heating of OCTS at 

p = 1 bar after Ezhov et al. [70]. In parenthesis the state of aggregation is 

depicted by l, g and cr (liquid, gaseous and crystalline). 
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Hence additional Si is available for NW growth, leading to effective NW growth via 

VLS, but also enhances uncatalytic deposition, what results in extremely thick NWs. 

After an extensive variation of temperature and H2 addition, the optimal conditions for 

growing epitaxial, single crystalline Si-NWs with OCTS turned out to be: 

 

 80 nm Au colloids for tighter diameter distribution and better NW density control 

 50 sccm He 

 30 minutes tempering at 700°C 

 60 minutes growth at 800°C 

 

The SEM pictures in Figure 42 show NWs grown at the optimal conditions with a  

2 nm sputtered Au layer (a) and 80 nm colloids (b). The NWs are straight and the 

majority stands upright in both cases, although the diameter is still dependent on the 

catalyst particles size. Therefore the colloid grown NWs have a tight diameter 

distribution of about 90 nm, while the NWs grown with catalyst particles from a 

thermally aggregated layer vary strongly between 50 and 150 nm. Nonetheless the NWs 

grow epitaxially in both cases. The 30 minute tempering step at 700°C, when Si from 

the substrate is dissolved into the Au particle until saturation is reached, proved to be 

crucial to achieve epitaxy at this level. After that the NW growth can start with an 

already saturated particle in intimate contact with the substrate. The sputtered Au layer 

also produced shorter NWs (up to 4 µm), while the colloid grown NWs easily exceeded 

10 µm. This is due to the larger amount of Au, which was deposited by sputtering, so 

the precursor had to be distributed among more particles, thus impeding growth of 

individual NWs. The larger amount of Au also explains the different growth rates of just 

66 µm/min (sputtered layer) and 166 µm/min (colloids), as the same amount of 

precursor had to be distributed among altered amounts of catalyst. 
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Considering the high growth rates of 31 µm/min Lieber et al. [24] achieved using 

Si2H6, it was also intended to raise growth rates with OCTS. Hence the temperature of 

the saturator was raised, leading to an increase of the partial pressure of OCTS from 

0.03 mbar to 2.9 mbar, the sputtered layer replaced with 80 nm colloids and the flow 

rate of He doubled to 100 sccm. The results can be seen in Figure 43. The growth rate 

for the samples grown with a partial pressure of 0.03 mbar was ~8 µm/h, as depicted 

earlier. When the partial pressure of the precursor was increased, the growth rate 

practically doubled to ~16 µm/h. Also the number of kinked NWs increased 

considerably, what can be expected at such large increase in partial pressure [13]. 

Another important side effect was the elimination of upright growing NWs at the higher 

partial pressure. This would agree with the work of Schmid et al. [58], where lower 

partial pressures favour upright NWs, while higher partial pressures surpress their 

growth.  

 

 

 

 

Figure 42: SEM images of Si-NWs grown at the optimal conditions with OCTS as 

precursor and catalysts as follows: 

a) 2 nm sputtered Au layer 

b) 80 nm Au colloids 

b) 

1 µm 

a) 

1 µm 
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TEM investigations of the Au catalysed NWs (Figure 44a) showed a slight tapering 

and an unusual tip shape. This tip may form during cooling, when the precursor’s partial 

pressure drops at the end of the growth step and dissolved Si precipitates from the 

super-saturated Si/Au droplet. The tips, present on practically all NWs, were later 

investigated by means of EDX and identified as Au/Si alloys. A change in partial 

pressure can cause different growth orientation like shown by Lieber et al. [62], where 

NWs were grow in zig-zag-patterns due to partial pressure changes. Figure 44b shows a 

HRTEM of the Si NW with no observable defects or stacking faults and a plane spacing 

Figure 43: SEM images of OCTS grown NWs at 800°C with different partial 

pressures of OCTS: 

a) p(OCTS) = 0.03 mbar 

b) p(OCTS) = 2.90 mbar 

Figure 44: TEM images of an Au catalysed OCTS grown Si NW:  

a) HRTEM  

b) HRTEM revealing the NW’s crystal structure. The inset indictes a [111] 

growth direction 

10 µm 
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of 3.14 Å, what fits the distance between two Si (111) planes. The SAED in the inset 

clearly identifies the growth direction to be [111].  

 

4.1.2 Ag catalysed Si-NWs 
 

Although Au is the most common and versatile catalyst for VLS grown NWs, it causes 

undesirable deep level traps in Si, which may deteriorate an electronic device’s 

performance; e.g. shorten the non-radiative life time of charge carriers. Therefore 

alternative catalysts are highly preferred. In the following experiments Ag, Al, Cu, In, 

Ni, Pt and Ti were evaluated as Au replacements using the same setup and growth 

parameter variance to achieve epitaxial NW growth. 

Ag is an attractive alternative to Au as catalyst, what was proven by Schmidt et al. 

[67]. Its binary phase diagram with Si (Figure 10c) shows no silversilicides, what 

indicates the same chemical inertness as Au. Unfortunately the eutectic point lies at 

835°C, what makes higher growth temperature a necessity. However Ag also features 

less efficient deep level traps than Au (Figure 11).  

For these experiments 2 nm of Ag were deposited as catalyst by thermal evaporation. 

Otherwise the samples were processed analogously as in case of Au. The growth results 

can be seen in Figure 45.  
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Ag catalysed NWs grown at 800°C (Figure 45a) featured a very block like appearance 

with strong faceting below the tip. The NWs measured 100 to 200 nm in diameter and  

1 to 5 µm in length. At 700°C (Figure 45b) the NWs exhibit kinks and are strongly bent 

with a profound tapering. Their thickness is reduced with 100 nm in diameter, while 

their length increases to over 10 µm. Further down at 500°C (Figure 45c) NWs still 

grow, but are by far outnumbered by bulky nanostructures covering the entire sample. 

Their geometry is further reduced to about 30 nm in diameter and 1 µm in length at 

most. All this samples were grown without any H2 as it suppresses NW growth at 

temperatures between 400 and 900°C. Figure 45d serves as an example for this, because 

just uncatalytic deposits were found at a growth temperature of 800°C in the presence of 

H2. 

 

 

 

Figure 45: SEM images of Ag catalysed OCTS grown Si-NWs at: 

a) 800°C without H2 

b) 700°C without H2 

c) 500°C without H2 

d) 800°C with H2 
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TEM investigations of Ag catalysed NWs grown at 800°C revealed frequent formation 

of twin crystals along the NW’s growth axis. The grain boundary is clearly visible in the 

TEM image in Figure 46a. Schmidt et al. [67] yielded similar results in their work, 

which also revealed that Ag tend to cause twinning in Si-NWs. The dark parts in the 

TEM originate from thickness contours due to the tapering and faceting, as already 

deduced from the SEM images (Figure 45a). It is also possible that the dark regions are 

signs of stress due to the twinning of the NWs. Figure 46b shows a HRTEM image of 

the {111} planes representing a [111] growth direction, which is confirmed by the 

indicated SAED in the inset. This image originates from the centre of one of the twins. 

No observable faults were found in this region of the NW. Hence it can be said, that the 

twins itself are of good crystallinity. 

 

4.1.3 Cu catalysed Si-NWs 
 

Cu has been implemented for NW growth in several works, such as to grow ZnO-NWs 

on a Si substrate [92], catalysing In2O3-NWs synthesis [93] and of course to grow Si-

NWs [94]. Depending on the experimental setup in these works the growth mechanism 

can be very complex due to the many mixed crystals Cu and Si can form.  

Figure 46: TEM images of a typical Ag catalysed NWs grown at 800°C with OCTS 

as precursor: 

a) HRTEM; A twin crystal runs along the NW’s growth direction 

b) HRTEM revealing the NW’s crystal structure. The inset indictes a [111] 

growth direction 

c) SAED as inset, which indicates a [111] growth direction. 

200 nm 

a) 

[111] 

b) 
111 100 
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Within this work a 2 nm sputtered layer of Cu was deposited on a Si (111) wafer piece 

and processed analogously to the growth experiments using Au as catalysts. The results 

can be seen in Figure 47. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At 800°C the NWs were 50 to 200 nm thick and at least 5 µm long (Figure 47a), but 

strongly facetted. Downward at 500°C (Figure 48b) no etching was observed. Instead 

uncatalytic deposits covered the whole sample.  

The addition of 20 sccm H2 at 800°C (Figure 47c) resulted in densely populated 

samples. The NWs were up to 20 µm long and had diameters in the range of 20 to 400 

nm. In general the NWs featured a wide length and diameter distribution with most of 

them bent. Also most of the NWs were tapered and no catalyst particle could be 

observed atop of them (see inset of Figure 47c). At the lower temperature of 500°C 

Figure 47: SEM images of Cu catalysed Si-NWs and nanostructures grown with 

OCTS as precursor at: 

a) 800°C; Straight NWs with minor occurrence of uncatalytic deposits 

b) 500°C; Mainly uncatalytic deposits 

c) 800°C with 20 sccm of H2 added; densely with NWs populated sample 

d) 500°C with 20 sccm of H2 added; severe etching with characteristic pit 

formation 

800°C/H2 

a) 

1 µm 2 µm 

d) 

1 µm 

800°C 

c) 

1 µm 

b) 500°C 

500°C/H2 
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200 nm 

[111] 

111 100 

(Figure 48d) severe etching occurred and produced triangular etching pits. 

Simultaneously to the etching also uncatalytic deposition of amorphous Si was observed 

across the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TEM investigations of Cu catalysed NWs revealed a high level of stress indicated by 

dark stripes and rough surface in Figure 48a, which can be attributed to mixed crystal 

formation. The bright and dark regions in Figure 48b are probably originating from 

coppersilicide inclusions, which cause stress to the lattice. Nonetheless the NW features 

good crystallinity and clearly a [111] growth direction (inset). Unlike Ag or Au, Cu can 

form several mixed crystals with Si, like Cu3Si, the so-called η–modification, (see 

Figure 10d for details) depending on temperature and the amount of incorporated Cu in 

the NW.  

 

4.1.4 Pt catalysed Si-NWs 
 

For Pt as catalyst a 2 nm layer was sputter deposited and were investigated 

analogously to the Au catalysed samples after the same synthesis procedure. The results 

of these experiments can be observed in Figure 49. 

 

 

a) b) 

Figure 48: TEM images of a typical Cu catalysed NW with OCTS as precursor: 

a) HRTEM; the dark stripes indicates strong stress and tensions inside the NW 

b) HRTEM revealing the NW’s crystal structure. The inset indictes a [111] 

growth direction 
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At the highest growth temperature of 900°C (Figure 49a) the samples were densely 

populated with kinked and bent NWs. Nonetheless a Pt/Si particle was found atop of 

every NW and their geometry were about 5 µm in length and 30 to 100 nm in diameter. 

At the lower temperature of 600°C (Figure 49b) the bending was more pronounced with 

the NWs crawl over the substrate’s surface. Diameters from 100 nm down to 10 nm 

were measured, while the length varied between 0.5 and 3 µm. The addition of 20 sccm 

H2 to the growth atmosphere notably improved the NWs’ quality. A growth temperature 

of 900°C (Figure 49c) resulted in epitaxial, straight, upright NWs with a length of about 

6 µm and 160 to 200 nm in thickness. The growth perpendicular to the surface of the 

(111) substrate indicates a [111] growth direction. Atop of these NWs a Pt/Si particle 

was verified by means of EDX. At 600°C (Figure 50d) the presence of H2 caused 

intertwined nanostructures, which were severely bent and covered the whole sample. 

Figure 49: SEM images of Pt catalysed NWs grown with OCTS as precursor at: 

a) 900°C  

b) 600°C 

c) 900°C with 20 sccm H2 added 

d) 600°C with 20 sccm H2 added 

900°C/H2 

5 µm 

c) 

900°C a) 

1 µm 

b) 600°C 

1 µm 

600°C/H2 d) 

500 nm 

200 nm 
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TEM investigations of Pt catalysed NWs (Figure 50) clearly revealed a [111] growth 

direction (inset), equal to the Au, Ag and Cu catalysed NWs. The dark spots reveal 

stress and tension inside the NW as well as thickness contours on the rims of the NWs, 

what is clearly visible right under the catalyst particle. Otherwise no crystal defects 

could be detected and the HRTEM images confirm a straight habitus, which was 

already observed in SEM pictures, and the presence of a Pt/Si particle atop of the NW. 

 

4.1.5 Discussion of NW synthesis via Au, Ag, Cu and Pt mediated VLS-

growth 

 

Concluding it can be said, temperatures of at least 700°C are necessary to grow NWs 

with OCTS in sufficient quality and quantity independently of the catalyst. The very 

low partial pressure of just 0.03 mbar contributes to this problem, as there is a very low 

concentration of OCTS in the growth atmosphere, when the saturator is operated at 

room temperature. Lower temperatures seem to favor uncatalytic deposition, etching of 

the substrate or deterioration of the NW’s quality in general. The reason for this is 

Figure 50: TEM images of a typical Pt catalysed NW grown with OCTS as 

precursor: 

a) HRTEM; the dark spots reveal stress and tension inside the NW as well as 

thickness contours 

b) HRTEM revealing the NW’s crystal structure. The inset indictes a [111] 

growth direction 
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complex and depends on a lot of adjustable parameters, but can be mainly attributed to 

surface energies, which are strongly influenced by temperature. Also the higher 

conversion rate of the precursor at elevated temperature influences the surface tension 

(see Equation 12), because more Si and other decomposition products are available to 

influence the surface energies. Hence higher temperatures and the presence of more 

surface active molecules at these temperatures cause a decrease of surface tensions at 

the interfaces between growth atmosphere, NW surface and catalyst particle, which 

further results in reduced inner pressure (pin). With lower pin the gaseous precursor or its 

decomposition products can enter the catalyst particle more easily and therefore 

nucleation and NW growth are highly favored this way. 

The addition of H2 is another parameter which can alter growth behaviour 

fundamentally. Adding H2, OCTS and SiCl4 can be converted into Si more easily and 

results in the formation of gaseous HCl. Thus HCl can etch undesired SiO2 at low 

concentrations and provide a clean surface for improved epitaxy. Higher concentrations 

of HCl on the other side effectively etch the substrate resulting in characteristic 

triangular etching pits. The change in surface energies that is induced by the presence of 

H2 cannot be neglected either. 

4.1.6 NW synthesis via Au, Ag, Cu and Pt mediated VSS-growth 

 

It is generally accepted for the VLS mechanism that the growth temperature should be 

higher than of the lowest eutectic point in the binary phase diagram. With OCTS this 

applies for Au (363°C eutectic point – 700°C growth with OCTS) and Pt (830°C – 

900°C), but not for Cu (802°C – 800°C) and Ag (835°C – 800°C). So reaching the 

liquid regime is not mandatory to produce NWs when OCTS is used. NW growth can 

also be achieved through the VSS (Vapour-Solid-Solid)-mechanism. 

Taking a closer look at the used catalysts, Ag catalysed single crystalline Si-NWs have 

already been reported by Wagner and Ellis [95] in 1965 at high temperatures of 950 - 

1050°C. Also Nebol’sin et al. [96] reported the successful growth of Ag catalysed Si 

NWs with growth rates of 1.5 µm/s. Surprisingly the Ag particle did not evaporate in 

their LPCVD equipments, although the vapor pressure of Ag reaches a value close to 

10
-2

 mbar at 1000 °C [97]. Theoretically sub-eutectic NW growth with Ag as catalyst 

should not be possible as there is no Si solubility in Ag below the eutectic point (see 

Figure 10c). Nonetheless in this work as well as in the work of Tatsumi et al. 

(amorphous NWs, [98]) NWs were produced via a VSS mechanism at 700 – 800°C and 
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650°C respectively. Meanwhile further research on the Ag/Si phase diagram revealed a 

solubility of 0.2 at% at 650°C and 0.9 at% close to the eutectic point, that also 

theoretically explains the Ag catalysed VSS growth [99]. 

Sub-eutectic, Cu catalysed NWs were also reported by Wen et al. [94] and Arbiol et al. 

[68], although at temperatures between 500 and 650°C. According to Arbiol et al. the 

Cu particle undergoes several phase transformations before a NW can precipitate. 

Starting with a pure Cu particle, Cu5Si forms firstly. Depending on the growth 

temperature several modifications like the , ,  and -phases can form. At the growth 

temperature in our work the particle would first form , then  and subsequently  

coppersilicide. When the Si share rises further Cu3Si will be generated in the , ’ or 

’’ modification, depending on the temperature. In this case it will be the  

modification (see Figure 10d), from which NWs precipitate. It should be noted, that this 

mechanism is derived from a binary phase diagram, which applies for bulk material at 

equilibrium and does not take dynamic influences like surface energy changes or 

kinetics into account. Arbiol also observed a tapering of NWs starting at 650°C, that he 

attributed to either the integration of the catalyst into the NW during growth or the 

migration of the Cu to neighboring NW tips. As there were no catalyst particles found 

on the NW tips in this work, it was concluded, that the Cu was indeed consumed by the 

NW during growth and tapering appears as a logical consequence of the subsequently 

shrinking catalyst particle. 

Concerning Pt catalysed Si NWs, successful synthesis under subeutectic conditions 

has been achieved by Garnett et al. [100] and by Sekhar et al. [101] at temperatures of 

1200°C, so definitely involving a liquid phase. The Pt/Si phase diagram (Figure 10f) 

reveals a very complex sequence of phases the particle undergoes at the growth 

temperature of 900°C used in this work. Starting with a pure, solid Pt particle, Si is 

dissolved steadily into it until the Si content reaches 1.4 at%. At this ratio the particle 

becomes partially liquid and consists of a liquid Pt/Si phase and a solid Pt phase. 

Meanwhile the Si content rises further and the particle becomes completely liquid at 

~22at%. Reaching 25 at% the particle solidifies again and forms -Pt12Si5. Then after 

transiting into -Pt2Si and Pt6Si5, the particle finally turns into PtSi, from which Si NWs 

can precipitate when the Si content exceeds 50 at%. Also Baron’s [66] work identifies 

PtSi islands as the phase from which Si NWs precipitate. So we can conclude that Pt 

catalysed Si-NWs grown via the VSS mechanism, although the particle passes through a 

liquid regime in the initial stage of the growth mechanism. 
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Also all of the investigated NWs show the most common [111] orientation for which 

{112} facets were found in a previous work [102]. This is in agreement with the work 

of Schmidt et al. [59], who revealed a diameter dependence of the NW’s 

crystallographic orientation. NWs of 20 nm thickness and below favor a [110] 

orientation, while greater diameters tend to grow in [111] direction (Figure 13). 

 

4.1.7 Al catalysed Si-NWs 
 

Al has been successfully used as NW catalyst by Gösele et al. [39]. In this work a 2 

nm layer was sputter deposited and investigated analogously to former NW catalysts. 

The results of the growth experiments are shown in Figure 51. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experiments with Al as catalyst lead to very short, 1 µm at most and unevenly 

shaped NWs at 700°C, which were intertwined with uncatalytic deposits as shown in 

Figure 51a. The addition of 20 sccm H2 at 500°C, shown in Figure 51b, suppressed the 

formation of uncatalytic deposits, but also led to unevenly shaped NWs. With up to 3 

µm length and a diameter of about 100 nm they were also no improvement to their 

counterparts grown without H2 grown. At higher temperatures (800°C and above) no 

NWs or catalyst particles were found. This can be attributed to the reaction of Al with 

Cl from the precursor to form volatile AlCl3, which easily evaporates at such high 

temperatures. 

Figure 51: SEM pictures of NW growth experiments with OCTS as precursor and 

Al as catalyst at: 

a) 700°C; very short and irregular shaped NWs, along with uncatalytic 

depositions are encountered 

b)  500°C ; The addition of H2 resulted in less uncatalytic depositions, but did 

not affect NW growth itself 

a) b) 700°C 

500 nm 1 µm 

500°C/H2 
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Successful NW synthesis with Al as catalyst was conducted by Wacaser et al. [103] 

and Gösele et al. [39]. In both works UHV conditions, according to Wacaser et al. at a 

maximum pressure of 10
-6

 Torr, were necessary to allow proper NW growth. Otherwise 

the very stable Al2O3 forms an isolating layer around the Al particle and prevents any Si 

from entering the potential NW seed. Unfortunately it was not possible to reduce the 

oxygen content to such a level with the APCVD used in this work and the results are a 

proof, that the O2 content is too high. 

 

4.1.8 Ti catalysed Si-NWs 

 

Ti was also considered a promising candidate for NW growth with OCTS, as Sharma 

et al. [45] have already demonstrated Ti’s applicability with SiCl4 as precursor. As 

before, a 2 nm layer was sputter deposited on the substrate. The growth results are 

shown in Figure 52. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ti as catalyst delivered quite similar results as Al without the addition of H2 at 900°C 

(Figure 52a). In this case uncatalytic deposits were also found in rich quantities. 20 

sccm of H2 improved the growth behaviour considerably (Figure 52b) and led to long 

(up to 5 µm) and very thin (~50 nm) NWs, which very unfortunately strongly bent, 

featured zigzagging and generally an uneven habitus.  

Figure 52: SEM images of Ti catalysed NWs grown with OCTS as precursor at 

temperatures of 900°C: 

a) Without H2; Only uncatalytic deposits were encountered 

b) With 20 sccm H2 added; densely populated with irregularly shaped and 

rarely straight NWs 

1 µm 500 nm 

900°C/H2 900°C a) b) 
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Ti catalysed Si NWs were produced by Sharma et al. [45]. As Ti, like Al, has also a 

very strong affinity to O2, an annealing step in H2 under low pressure was necessary to 

eliminate oxides and ensure proper NW growth. In this work Sharma et al. also 

investigated the importance of HCl for the growth as it removes uncatalytic deposition 

at the sidewalls of the NWs during growth. Without HCl the NWs became strongly 

tapered and experienced a rough surface. This agrees with the results in this work. Also 

the addition of H2, which subsequently forms HCl with OCTS at 900°C, removes the 

uncatalytic deposits. Nonetheless the NWs grown in the presence of H2 still feature a 

rough surface similar to Sharma’s work. So it can be assumed that the uncatalytic 

deposits have not been removed completely by HCl due the low concentration of 

precursor used in these experiments. Another reason for the poor quality of our Ti 

catalysed NWs may be the presence of O2 during growth. Analogously to Al catalysis 

one can expect formation of very stable TiO2, which acts in a similar way as Al2O3. 

 

4.1.9 In catalysed Si-NWs 

 

In was also considered a potential NW catalyst, as Yu et al. [104] had demonstrated 

successful Si-NW growth. A 2 nm layer was sputter deposited on the substrate. The 

results are displayed in Figure 53. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53: SEM images of In catalysed NWs grown with OCTS as precursor at 

temperatures of 500°C: 

a) Without H2; Only unevenly shaped NWs were encountered 

b) With 20 sccm H2 added; only round etching pits were found on the 

substrate 

b) 

1 µm 

500°C/H2 a) 500°C 

1 µm 
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In catalyses strongly bent, worm like NWs at 500°C (Figure 53a) in large numbers. 

Again the NWs were not very long (up to 4 µm) and featured a diameter of about 80 

nm. Analogously to the experiments with Al and Ti, 20 sccm of H2 were added to 

improve NW growth, but resulted in round etching pits (Figure 53b) with diameters 

ranging from 1 µm up to 3 µm. 

In as catalyst was thoroughly tested by Yu et al. [104] and Wang et al. [105], both 

using plasma enhanced CVD. Surprisingly the In droplets in these two works 

experienced a very large contact angle (140-160°) compared to an Au droplet (95-115°). 

Such a contact angle leads to unusually large, ball like catalyst particles during growth 

with NW diameters far smaller than the catalyst particle itself. Wang et al. also 

conducted extensive TEM investigations with very interesting results on their NWs. 

Four different crystallographic orientations, namely [100], [111], [211] and [311], were 

found depending on the size of the In particle. In this work we did not encounter 

structures similar to the ones Wang and Yu presented. Therefore it can be assumed that 

there is a severe difference in surface tension, which is due to the utilization of OCTS 

and the changed pressure during growth and prevents the formation of proper NWs. The 

addition of 20 sccm H2 (Figure 53b) resulted in severe etching, covering the substrate 

with round etching pits, which were up to 3 µm in diameter. Yu [104] also encountered 

etching of amorphous Si, when using H2. Therefore we can assume, that the NWs in 

Figure 53a are also amorphous, which explains their rough habitus. 

 

4.1.9 Summary of OCTS grown and with Al, Ti and In catalysed Si-
NWs 

 

To summarize the experiments with Al, Ti and In, neither of these catalysts proved 

suitable for proper NW growth. Al and Ti are materials with an enormous affinity to 

oxygen, thus requiring a UHV apparatus to exclude practically all oxygen from the 

growth atmosphere, what was impossible with the APCVD used in this work. 

Successful NW synthesis with these catalysts was conducted by Gösele et al. (Al, [39]) 

and Sharma (Ti, [45]) using UHV conditions. When working with In a plasma enhanced 

CVD seems necessary as Yu et al. [104] and Wang et al. [105] have demonstrated.  

In total the NWs grown with Al, Ti or In were not epitaxial and therefore were not 

considered in any further experiments as other catalyst provided much more promising 

results. 
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4.2 NiSi2 catalysed Si-NWs grown with OCTS 

 
After the fruitful experiments with Au, Ag, Cu and Pt as catalyst for VLS synthesis of 

Si NWs with OCTS as precursor, Ni was tested as a potential Au replacement. 

Therefore a 2 nm thick layer of Ni was sputter deposited onto a piece of a Si (111) 

wafer analogously to the Au experiments. Contrary to previous experiments, the sample 

was not tempered for 30 minutes at growth time to produce a Si saturated particle. 

Instead the sample was pushed into the furnace with OCTS already added to the 

atmosphere. The results can be seen in Figure 54. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: SEM images of OCTS grown NWs catalysed by NiSi2 and nanostructures 

grown at temperatures of:  

a) 400°C 

b) 700°C 

c) 800°C 

d) 900°C 

2 nm of sputtered Ni served as initial growth catalyst. 

400°C 

1 µm 

a) 

900°C 

1 µm 

d) 

1 µm 

b) 700°C 

800°C c) 

1 µm 
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At the lowest investigated growth temperature of 400°C (Figure 54a) no NWs were 

observed, but instead cubical-shaped structures with edge lengths of 100 nm up to 1µm 

were sparsely encountered over the sample. EDX investigation confirmed that these 

nanostructures consisted partially of Ni. At the higher growth temperature of 700°C 

(Figure 54b) the substrate was covered by entangled, angled nanostructures covering the 

whole surface, measuring about 100 nm in diameter and a few µm in length. Between 

these nanostructures several µm long and less than 100 nm in diameter perfect rod-like 

NWs were encountered. An increase in growth temperature to 800°C (Figure 54c) 

resulted in a greater number of strongly bent NWs, but the substrate is still mostly 

covered by intertwined, more bulky structures. The geometry of these NWs is 

practically equal to those grown at 700°C. At the highest temperature of 900°C (Figure 

54d), the substrate became rough due to enhanced etching by Cl2, a byproduct of OCTS 

decomposition, and only a few clusters were encountered, which appeared to be covered 

by ravel-like, very thin nanostructures, with diameters smaller than 50 nm. 

The addition of H2 caused etching or uncatalytic deposition at all investigated 

temperatures except for 900°C. At this temperature, additional Si from SiCl4 becomes 

available (see 2.1.5). The 30 minute tempering step, which proved critical for epitaxy 

with the former catalysts, was skipped as the high diffusion rate would dissolve the Ni 

completely into the substrate before NW nucleation could occur; especially at high 

temperatures. Also the flow rate played an important role in determining the NWs’ 

appearance (Figure 55). 
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A flow rate of He:H2 : 50:20 sccm resulted in densely with NWs covered samples. The 

NWs were remarkably long (up to 10 µm) with diameters ranging from 100 nm to 200 

nm (Figure 55a). Their appearance was straight, and every NW clearly featured a bright 

catalyst particle atop. Increasing the flow rate to He:H2 : 100:40 sccm reduced the 

number of NWs, but completely changed their crystallographic habitus to square shaped 

(Figure 55b). Now the NWs also grow epitaxial, but still showed the bright tip, which 

differed strongly in length for different NWs. Their diameters ranged from 80 to 200 nm 

and they were up to 5 µm long. 

 

 

 

 

 

 

 

 

Figure 55: SEM images of OCTS grown NWs catalysed by NiSi2 and 

nanostructures grown at temperatures of 900°C: 

a) OCTS was applied with He:H2 : 50:20 sccm to the growth atmosphere; 

Densely populated samples with uncatalytic deposits between the NWs were 

encountered 

b) OCTS was applied with He:H2 : 100:40 sccm to the growth atmosphere; 

Square shaped NWs with remarkable bright tips were found across the 

sample  

a) 

1 µm 1 µm 

900°C 900°C b) 

50/20 100/40 
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a) 

1 µm 

c) 

b) 

[110] 

[100] 

4.2.1 Prismatic NiSi2 catalysed NWs 

 

As the NWs in Figure 55 appeared to be prismatic, a rather unusual shape for a VLS-

grown NWs, a thorough characterisation of their crystallographic properties and 

characteristics was conducted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Remarkably, two types of growth directions were observed on the very same sample 

and therefore under identical growth conditions (see Figure 56a). The first group of 

epitaxial Si-NWs with an azimuth of 120° between them and an angle of 54.7° with 

respect to the Si (111) substrate forms a triangular network in the top view SEM image. 

According to the schematic shown in Figure 56b, these nanowires are of [110] growth 

orientation. The second group that can be identified with the same azimuth but an angle 

of 35.3° to the substrate are predictable to be [100]-oriented NWs. As shown in the 

schematic of Figure 56c, such [100] oriented NWs form also a triangular network, 

shifted by 60° in comparison to the [110] oriented NWs, in the top view SEM image 

(see Figure 56a). 

 

Figure 56: a) SEM image of epitaxial Si-NWs with OCTS as precursor catalyzed by 

OCTS;  

 b) Schematic of epitaxially grown [110] Si-NWs featuring an azimuth of 

120° between the NWs and an angle of 54.7° with respect to the Si 

(111) substrate 

 c) Schematic of epitaxially grown [100]-NWs featuring an azimuth of 

120° between them and an angle of 35.3° with respect to the (111) 

substrate. 
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Tilted SEM pictures in Figure 57a confirmed the calculated angles between the NWs 

and the substrate of 35.3° for [100] NWs and 54.7° for [110] NWs. Also the prismatic 

habitus of such grown NWs is unambiguously shown this way (Figure 57b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57:  a) Side view SEM image of OCTS grown, NiSi2 catalyzed [100] and 

[110] oriented Si-NWs with azimuths to the substrate of 35.3° and 

54.7°, respectively 

b) Highly resolved SEM image of an individual, prismatic OCTS grown, 

NiSi2 catalyzed Si-NW. 
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The TEM investigations in Figure 58 confirmed the deduced orientations of the two 

kinds of NWs (Figure 58b and d), but also revealed a lot of stacking faults and 

dislocation loops along the whole NW, but especially subsequent to the catalytic 

particle (Figure 58a and e). As these defects were encountered beneath practically every 

catalyst particle this may also be the limiting factor in terms of length wise growth. So a 

high concentration of defects terminates the longitudinal growth of the NW, what would 

explain the wide length distribution, which ranges from 5 µm down to stubs of just a 

few nm (Figure 55b). Also the square habitus can be deduced from the lack of thickness 

contour across the NW, which would not be the case for a non-rectangular cross section. 

The dark-field image in Figure 58c then clarifies the rectangular habitus by viewing a 

short, but definitely square NW. EDX measurements and SAED investigations of the 

catalytic particle showed a composition of about 33% Ni and 66% Si and revealed the 

space group to be Fm-3m/225 with a lattice constant to be 5.406 Å, in good agreement 

to cubic α-NiSi2 [106]. 

Further TEM investigations were performed to investigate the alignment of the 

catalyst particle with respect to growth orientations of the Si-NWs. The alignment 

a) 

100 nm 

b) 

[110] [100] 

100 nm 

e) 

d) 

c) 

200 nm 

220 

-220 

220 -220 

Figure 58: TEM-images of the OCTS grown, NiSi2-catalysed square-shaped Si-NWs 

show [110] (a) and [100] (e) growth orientations. The dark speckles within the wires 

below the catalytic particles arise from diffraction contrast produced by lattice 

defects. SAED patterns in b) and d) proves the growth directions of [110] and [100] 

of the NWs respectively. c) displays a clear impression of the square habitus of the 

catalytic particles. 
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between the catalyst tip and the NW itself and the facets of the prismatic NWs were of 

special interest in this case. The results of these measurements can be seen in Figure 59. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It turned out, that in both cases the α-NiSi2 tips were aligned in the same direction as 

the Si NWs. In case of the [110] oriented NWs the investigations revealed <100> as 

well as <110>, facets which were aligned perpendicular to each other, forming the 

Figure 59: SAED images of the tip and body of the respective OCTS grown, NiSi2 

catalysed Si-NWs show the same alignment for body and tip. The schemata to the right 

illustrate the growth- and facet-orientation of the NWs. 
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b) [100] growth direction 
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900°C Si 

precipitation 

a) b) 

5.4080 Å 

5.4282 Å 

0.37% 

lattice mismatch 

square habitus (Figure 59a). For the [100] oriented NWs a combination of <100> plains 

formed the square habitus (Figure 59b). The indexed SAEDs in Figure 59 clearly show 

the facets aligned in these directions. 

After having confirmed the growth orientations and the square habitus by TEM 

investigations, naturally the question about the growth mechanism of these unusual 

NWs came up. Keeping in mind that the lowest eutectic point in the Si/Ni system lays at 

966°C, one cannot assume a classic VLS mechanism, but a VSS mechanism. At the 

beginning of the process the catalyst particle consists of pure Ni. According to Figure 

60a (a detailed section of Figure 10e) the growth temperature of 900°C is sufficient to 

form α–NiSi2. The precursor continously supplies Si, which is dissolved into the 

catalyst particle until it reaches supersaturation, pure Si will be precipitated, what forms 

the NW. In this context one should expect a strong lattice mismatch which cause severe 

stress in the crystal and therefore instability, but in fact the difference in lattice 

constants between pure Si (5.4282 Å) and α–NiSi2 (5.4080 Å) is just 0.37 %. So it is 

still possible for this binary compounds to precipitate crystalline structures. 

Unfortunately the TEM investigations revealed a very high concentration of defects all 

over the NW, which is very likely due to this mismatch of the lattice constants (Figure 

60b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the explanation of the growth mechanism in Figure 60 is sound, it does not 

explain the presence of two different growth orientations with very similar diameters 

and not even the square habitus completely. In contrast Schmidt et al. [59] stated that 

Figure 60: Schemata of the phase transitions during the NiSi2 catalysed growth of Si-

NWs with OCTS as precursor (a) and the lattice mismatch between NW and catalyst 

particle (b). 
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larger diameter Si-NWs most likely grow along the [111] directions. Silicon atoms 

precipitating upon the (111) surface during growth produce the largest decrease in 

Gibbs free energy, as these planes of Si have the largest density of surface atoms [107]. 

For thinner NWs, the free energy of the side faces must be taken into account and the 

[110] growth direction becomes more favorable. In this context Ciobanu et al.[108] 

have calculated that it is energetically possible to grow square shaped [110]-NWs, 

although they have to be extremely thin and H-passivated.  

In this work the experiments were conducted at 900°C, below the lowest eutectic point 

of 966°C. The NWs were grown via a VSS-mechanism, where the usual 

thermodynamic preferences of a classical VLS growth do not apply anymore. Also the 

NWs’ diameters (80 to 200 nm) are not small enough [11] to cause a drop in the melting 

temperature and push it to the liquid regime, which usually occurs at 10 nm and below. 

Therefore the usual thermodynamic preferences of a classical VLS growth do not apply 

anymore. It can be assumed that the catalyst particle is in the solid state during growth 

of Si-NWs, and that a solid-phase diffusion process, either in the bulk or on the surface, 

or both, must be responsible for NW formation. Nominally sub-eutectic NW synthesis 

using Au as catalyst has been achieved for several semiconductor materials, including 

Ge [109], InP [110], GaAs [111] and ZnSe [112]. For Si-NWs synthesis the results are 

conceptually similar to a previous report by Kamins et al. [113] of Ti-promoted Si-NW 

growth for temperatures below the Si-Ti eutectic point. 

Theoretical calculations about a NW’s habitus and growth direction were conducted 

by Zhang et al. [114], who revealed [100], [110], [111] and [112] as the most probable 

directions of H-terminated Si-NWs. Also different shapes of the cross section, 

hexagonal, square shaped, octagonal and triangular to name a few, are possible for Si-

NWs of these orientations. The H-passivation in Zhang’s work would explain the 

necessary high amount and flow rate of H2, which was crucial to stabilize the square 

cross section. Another reason for the prismatic habitus lies in the cubic crystal system of 

the α–NiSi2 particle, which seems to force its shape onto the NW. Such cubic particles 

were encountered even at the low temperature of 400°C (Figure 54a) without the 

addition of H2. 

Concerning the two different growth orientations, Tung et al. [115] observed the 

formation of NiSi2-layers, by annealing thin Ni films on Si (111), with two different 

crystallographic orientations. The formation of these two directions, named A and B in 

Tung’s work, depends on the initial thickness of the Ni film (Figure 61). With the 
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sputtering device used in this work nominally 2 nm of Ni were deposited, but 

experience showed that a closed layer cannot be expected at this thickness. Therefore it 

can be assumed that the two orientations Tung found, but did not identify, are [100] and 

[110], the orientations the α–NiSi2 catalysed Si-NWs grow into. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61: Crystallographic orientation dependency of the NiSi2 layer by thickness of 

the deposited Ni layer [115]. 
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4.3 Au, Cu, Ni and Pt catalysed Si-NW synthesis with 

BBr3-doped OCTS  

 
After successful experiments with pure OCTS, the next step was to add a doping agent 

to grow NWs with tuneable electrical properties. So about 100 ppm BBr3 were added to 

pure OCTS and distilled within a very narrow temperature interval (~1°C). 

 

4.3.1 In-situ B doped Au catalysed Si-NWs with OCTS as precursor 
 

Although the addition of BBr3 was in the ppm region, it soon turned out, that the 

growth behaviour was affected vigorously. Without the addition of H2, proper NW 

growth with Au as catalyst was prevented at all investigated temperatures (400-900°C, 

Figure 62). All of these experiments were conducted with 80 nm Au colloids as catalyst. 
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At the highest temperature of 900°C, just triangular etching pits could be observed 

(Figure 62a). Although when using pure OCTS, the samples grown at this temperature 

yielded the most, epitaxial and defect free NWs, not a single NW was found under these 

conditions. Lowering the temperature to 700°C (Figure 62b) led to very twisted and 

curved NWs with 100 nm in diameter and more than 2 µm in length. Their habitus was 

strongly irregular in most cases, what also showed in the uneven diameter along the 

NWs. At 600°C (Figure 62c) the NWs were clearly epitaxial and very uniform in 

diameter (70 to 200 nm), while up to 20 µm long. Although there were still many 

unreacted colloids encountered on the substrate, the sample was well populated with 

NWs. Most surprisingly, at the lowest temperature of 400°C (Figure 62d) NWs were 

Figure 62: SEM images of OCTS grown Si-NWs catalysed by 80 nm Au colloids 

and nanostructures grown with BBr3 doped OCTs at temperatures of: 

a) 900°C; Only etching was encountered 

b) 700°C; The sample was dominated by twisted and curved NWs 

c) 600°C; Perfectly rod-like, epitaxial NWs were found 

d) 400°C; Same rod-like NWs as at 600°C were encountered, although less 

epitaxial and more numerous. 
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10 nm 

a) b) 

[112] 

112 
100 

111 

still found in great numbers, actually more than at any other temperature. With 70 to 

120 nm in diameter and up to 10 µm in length they were very similar to the NWs grown 

at 600°C, but their epitaxy was deteriorated.  

Subsequent TEM investigations (Figure 63) of the epitaxial NWs grown at 600°C 

revealed a thick amorphous shell wrapping around the crystalline core, which covered  

about half of the NW’s diameter. The roughness of the shell in Figure 63a may originate 

from a plasma clean, which was necessary before the actual TEM measurements. 

Longitudinal stripes, which represent stacking faults, run along the growth axis from 

bottom to top of the NW. Figure 63b shows a HRTEM from the crystalline core, giving 

a better look at the stacking faults, and the SAED clearly indicating a [112] growth 

direction. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

To summarize, even small amounts (~ppm) of doping agent can change the growth-

behaviour considerably. Compared to the synthesis with pure OCTS, where effective Si-

NWs growth was achieved in the temperature regime from 600°C to 900°C without any 

H2, though with varying quality, the addition of BBr3 limited NW growth to 400-600°C 

and made the addition of 20 sccm H2 obligatory. Also the growth direction was changed 

from [111] with pure OCTS to [112]. Another remarkable feature was the thick 

Figure 63: TEM images of a typical Au catalysed NWs grown with B-doped OCTS: 

a) HRTEM; The amorphous shell and longitudinal stripes representing stacking 

faults are clearly visible 

b) HRTEM revealing good crystallinity though stacking faults. The SAED in 

the inset confirms a growth direction of [112] 
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amorphous shell. Lauhon et al. [75] have shown a very similar amorphous shell of Si in 

their work wrapping around a p-doped core when adding B to the growth atmosphere. 

Briand et al.[116] mentioned the reduction of growth temperature by adding B as it 

promotes the decomposure of the precursor and therefore increases the growth rate, 

enabling lower growth temperatures. Although both of them used SiH4, B seems to have 

the same effects on OCTS. 
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4.3.2 In-situ B doped Cu catalysed Si-NWs 

 

Analogously to the experiments with pure OCTS, Au substitutes were investigated 

with B addition too. So a 2 nm thick Cu layer was sputter deposited on the cleaned 

samples and the same temperature interval and growth parameters were investigated as 

in previous growth experiments. The results of these experiments can be observed in 

Figure 64. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although a decent number of NWs were yielded at 700°C (Figure 64a), they were 

strongly bent and twisted. The NWs’ lengths were well beyond 20 µm and their 

diameters around 100 nm. Also uncatalytic deposits were found between the NWs in 

large quantities. Lowering the temperature to 500°C (Figure 64b) increases the share of 

Figure 64: SEM images of growth experiments with Cu as catalyst and B-doped 

OCTS as precursor grown at temperatures of: 

a) 700°C  

b) 500°C 

c) 800°C 20 sccm H2 added 

d) 500°C 20 sccm H2 added 
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the uncatalytic deposits, which practically overgrew the NWs. At this temperature the 

NWs feature large diameters of up to 200 nm. The length is hard to determine as the 

uncatalytic deposits grow over the NWs, but can be assumed to be up to 5 µm and 

longer. The addition of 20 sccm H2 reduced the amount of NWs and uncatalytic deposits 

as well. At 800°C (Figure 64c) the NWs were much thicker (up to 1 µm) than without 

H2, but they were still strongly bent and twisted. Also uncatalytic deposits were found 

entangled with the NWs. At 500°C (Figure 64d) the NWs grew much thinner (~50 nm) 

and shorter (2 µm) than at 800°C, but they were still twisted and entangled with 

uncatalytic deposits. Epitaxial NWs were not encountered. 

Compared to the experiments with pure OCTS, the addition of B had some serious 

effects on NW growth. Similar to the experiments with Au and B doped OCTS the 

growth temperatures were shifted to lower values. At 500°C the phase from which NWs 

nucleate is no longer the  phase, but the ‘ phase. Therefore strongly changed surface 

tensions and diffusion rates compared to the growth with pure OCTS can be assumed. 

Also the influence of the B itself must be taken into account. Practically the growth 

mechanism cannot be deduced from the binary phase diagram anymore, because a three 

phase system has to be considered now. It has been mentioned earlier that the addition 

of B causes an accelerated decomposition of OCTS during growth and is also 

responsible for a large amorphous shell when working with Au as catalyst. This may be 

an explanation for the low crystallinity and strong bending of the NWs as Cu seems to 

favor the formation of amorphous NWs even more than Au; especially at high 

temperatures. 
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4.3.3 In-situ B doped Pt catalysed Si-NWs 

 

The experiments with Pt and pure OCTS yielded long, epitaxial NWs with a 

practically flawless crystal structure, so similar results with a B-doped NW were 

hopefully expected. The results can be seen in Figure 65. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the highest temperature of 900°C (Figure 65a), just uncatalytic deposits in various 

sizes and shapes were found on the samples. Lowering the temperature to 400°C 

(Figure 65b) resulted in densely populated samples with further uncatalytic deposits. In 

this case the deposits are strongly bent and some of them feature a high aspect ratio, 

although none of them resembles a proper NW. The addition of 20 sccm H2 to the gas 

feed positively changed the growth behaviour. At 800°C (Figure 65c) NWs with ~50 

nm in diameter and up to 3 µm long, which grew from islands with dense uncatalytic 

deposits, were encountered. Unfortunately these NWs did not feature epitaxy. At 400°C 

Figure 65: SEM images of samples grown with B-doped OCTS and catalyzed by a 

2 nm Au film at temperatures of:  

a) 900°C 

b) 400°C 

c) 800°C with 20 sccm H2 added 

d) 400°C With 20 sccm H2 added 
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2 µm 2 µm 

b) 400°C 

2 µm 

800°C/H2 c) 
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(Figure 65d) only a mixture between etching and uncatalytic deposition was 

encountered. 

Similar to the experiments with other catalysts and B-doped OCTS, the growth 

behaviour was also severely changed. At nearly all temperatures, irrespective of 

whether H2 was added or not, only uncatalytic deposits, sometimes combined with 

etching, could be found. Only at 800°C with 20 sccm H2 added, proper NWs could be 

produced, although even in this case epitaxy could not be achieved. Like the 

experiments with Cu and Ni before, this degrading change can be attributed to the 

alteration B introduces into the Pt/Si system by modifying surface tension and 

acceleration of the decomposition mechanism.  
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4.3.4 In-situ B doped Ni catalysed Si-NWs 
 

After the impressive results from the experiments with Ni catalyst and in conjunction 

with pure OCTS earlier it was also attempted to generate square shaped, B-doped NWs 

and subsequently NWs with tuneable electrical properties. The results of these 

experiments are shown in Figure 66. Also in this case the 30 minute annealing step 

previous to growth was skipped as the diffusion rate of Ni in Si was considered to too 

high to form the desired α-NiSi2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66a shows the results of Ni catalysed growth at 700°C without the addition of 

H2. Only intertwined nanostructures were produced without H2 and no NWs were 

encountered at any temperature. Nonetheless the nanostructures covered the whole 

sample and were about 200 nm thick, while measuring up to 2 µm in length. At 900°C 

Figure 66: SEM images of growth experiments with Ni as catalyst at temperature of 

using Boron doped OCTS as precursor: 

a) 700°C  

b) 900°C with He/H2:100/40 

c) 600°C with He/H2:100/40 

d) 900°C with He/H2:50/20 

a) 

2 µm 

700°C b) 

1 µm 

900°C/H
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2 µm 

900°C/H2 600°C/H2 

100/40 50/20 
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(Figure 66b) the nanostructures grew more dense compared to Figure 66a, but were less 

edged. Surprisingly some NWs were encountered on this sample with 100 nm in 

diameter, although they were almost completely concealed by other nanostructures. At 

the lower temperature of 600°C (Figure 66c) just clumps with diameters up to 1.5 µm 

were discovered and signs of etching were observed next to them. Changing the flow 

rate to He/H2:50/20 (Figure 66d) resulted in mainly edged nanostructures covering the 

sample, but also a fair number of very thin (~50 nm) and long (10 µm and longer) NWs 

were generated. Unfortunately these NWs were not square shaped and in nearly all 

cases strongly bent. 

The reasons for the failure to produce square shaped NWs, like it was done before 

with pure OCTS, can be attributed to the presence of B during growth. From earlier 

discussions it is known that B changes surface energies and accelerates the 

decomposition of OCTS, which has a tremendous effect on the NW growth with Cu as 

catalyst. Actually it can no longer be considered a binary phase diagram, but a ternary 

one. A change in surface energy, perhaps the most determining factor of NW growth, 

can be assumed due to the presence of B. Another important aspect is that no bright α-

NiSi2 tips were observed. So it can be assumed that the presence of B changess the 

phase diagram to a degree where α-NiSi2, which proved so immensely important for 

epitaxial, square shaped NW growth with pure OCTS, is no longer the nucleating phase 

for NW growth. Concluding it can be said that the addition of B suppressed the 

formation of square shaped or even epitaxial NWs with Ni as catalyst and favors the 

deposition of irregular uncatalytic nanostructures. 
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4.4 Au, Pt and Ni catalysed NW synthesis with PCl3-

doped OCTS 

 
Based on the results, which were obtained with B as catalyst, only the three most 

promising catalysts were investigated with P-doped (PCl3) OCTS. Au was chosen 

because of its small sensitivity to process parameters and good reproducibility, Ni for 

the promising square shaped NWs with α-NiSi2 tip and Pt because of the practically 

flawless crystal structure and straight habitus which were obtained using pure OCTS. 

 

4.4.1 In-situ P doped Au catalysed Si-NWs 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At 900°C (Figure 67a) epitaxial NWs with a very wide range of diameter, 50 to 1000 

nm, were yielded. Their sometimes huge diameter originated from the big amount of Au 

(9 nm layer), that had to be used to enable growth, otherwise samples were received, 

Figure 67: SEM images of samples grown with P-doped OCTS and 9 nm Au as 

catalyst at temperatures of: 

a) 900°C, epitaxial NWs 

b) 800°C  

c) 600°C  

Growth temperatures of 600°C and lower only resulted in clumps of Au-Si-

alloys. 

1 µm 

900°C a) 

1 µm 1 µm 

800°C b) 
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where etching was the dominant process. Nonetheless etching is also visible at 900°C 

when the Au layer was used. Lowering the temperature to 800°C (Figure 67b) resulted 

in much thinner NWs, around 50 nm. Also the etching of the substrate was strongly 

reduced. At the lowest temperature of 600°C (Figure 67c) only clumps of Au-Si-alloys 

could be found. Subsequent to these experiments, 20 sccm of H2 were added to the feed 

gas to improve growth behaviour. The results can be seen in Figure 68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By the addition of 20 sccm H2, etching was strongly reduced at 900°C (Figure 68a). 

The NWs became epitaxial with about 60 nm to 150 nm in diameter and up to 30 µm 

long. At 800°C (Figure 68b) NWs were encountered in small numbers with lengths of 

up to 3 µm and diameters of 50 nm. These NWs were also bent in most cases. 

Figure 68: SEM images of samples grown with P-doped OCTS and 9 nm Au film 

at temperatures of: 

a) 900°C 

b) 800°C  

c) 600°C  

d) 400°C 

In these cases 20 sccm H2 were added to the gas feed, what favored etching 

strongly and eliminated NW growth at all temperatures below 800°C. 
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112 

100 

111 
50 nm 

a) b) 

Downwards at 600°C and 400°C (Figure 68c and d), no NWs were encountered, 

although etching could be observed at 600°C. Figure 69 shows TEM images, which 

were obtained from Au catalysed, P-doped NWs grown at 900°C with 20 sccm H2 

added. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 69a demonstrates a typical NW grown at 900°C with a diameter of 60 nm. 

Strong thickness contours can be observed as well as a Si shell around the catalytic Au 

particle, which formed during the cooling process. The image in Figure 69b shows that 

also PCl3 affects NW growth by changing the growth direction. Such epitaxial NWs 

grow preferentially along the [112] direction like their B-doped counterparts. The NWs 

themselves are rodlike, of good crystallinity and feature no observable defects or 

stacking faults.  

It can be said, that also PCl3 affects the NW growth severely, when using Au as 

catalyst. The optimal growth conditions shifted to higher temperatures (800°C). 80 nm 

Au particles which were very convenient in handling and successful in matter of growth 

with pure and B doped OCTS unsuitable when P was involved. A 9 nm Au layer was 

necessary to yield a decent amount of NWs, thus leading to a much bigger diameter and 

Figure 69: TEM images of a NW grown with PCl3 doped OCTS and Au as 

catalyst:  

a) HRTEM image showing thickness contours across the NW’s body and the 

catalyst particle 

b) HRTEM revealing the NW’s crystal structure. The inset indictes a [112] 

growth direction 
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size distribution. In this context Schmid et al. [29] investigated the effect of different 

concentrations of P dopant on NW growth. The results revealed that PH3 reduces NW 

growth and even suppresses it at high partial pressures by blocking the absorption spots 

on the catalyst particles. The same seems to happen in this case. Growth was only 

observed with a 9 nm layer of Au, while test with 80 nm colloids were also conducted, 

but were unsuccessful due to the absorption space blocking of P. The 9 nm Au layer 

simply offers a much bigger amount of Au than the 80 nm colloids, so that still enough 

absorption spots remain free for the precursor. The higher temperatures and therefore 

higher reaction rates were necessary to compensate for the decrease in absorption area. 

The etching at the highest temperatures can be explained by the decomposition of SiCl4 

into Si and HCl. In retrospective there must be a temperature between 800°C and 

900°C, where SiCl4 breaks up and delivers additional Si, but also additional etching 

species. The 20 sccm of H2, which were added in later experiments confirm this, as 

etching intensifies further, especially at the highest temperature of 900°C. This also 

explains the absence of any NWs at temperatures lower than 800°C, as the reaction rates 

cannot compensate for the reduced absorption area and only clumps were encountered. 

The effects on morphology are not as profound as the addition of BBr3 causes, but the 

growth orientation changes into [112] analogously. Compared to the B addition no 

stacking faults or other defects could be observed. 
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4.4.2 In-situ P doped Pt catalysed Si-NWs 
 

Considering the successful growth of highly crystalline Si-NWs with pure and B-

doped OCTS, using Pt as catalyst, it was expected to generate similar results with P- 

doping. The results of these experiments can be seen in Figure 70. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the earlier promising results, the addition of PCl3 prevented NW growth at any 

investigated temperature independently of the presence of H2. At high temperatures 

(900°C, Figure 70a) the initial Pt layer was clearly melted and formed either a flat, 

incomplete layer on the surface or big clumps with 20 sccm H2 added (Figure 70c). At 

Figure 70: SEM images of samples grown with P-doped OCTS and Pt as catalyst at 

temperatures of: 

a) 900°C  

b) 600°C 

c) 900°C with 20 sccm H2 

d) 600°C with 20 sccm H2 

The addition of PCl3 suppressed formation of NWs at all examined temperatures 

independently of the presence of H2. 

2 µm 10 µm 
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the lower temperature of 600°C (Figure 70d), etching could be observed in the vicinity 

of the Pt particles when H2 was present. Without H2 (Figure 70c) no etching was 

detected. When comparing these results with the Au/PCl3 combination it seems that P 

affected the Pt catalyst more. In this case the adsorption points on the surface were not 

just reduced, like with Au, but practically completely covered by P during the growth 

process and therefore eliminating NW growth. 
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4.4.3 In-situ P doped Ni catalysed Si-NWs 
 

Ni was also tested with PCl3 doped OCTS to generate doped NWs at temperatures 

between 400°C and 900°C without H2 (Figure 71) and with 20 sccm H2 added (Figure 

72). In both cases the 30 minute annealing step was skipped due to the high diffusion 

rate of Ni in Si. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although rectangular structures could be observed at the highest growth temperature 

of 900°C (Figure 71a), no NWs growing from them were encountered. At the lower 

growth temperature of 800°C (Figure 71b), nanostructures were found in plenty 

numbers growing in pits. The nanostructures were growing exclusively in these pits, but 

not on the remaining pieces of intact surface. Cuscuná [117] has reported growth of Si-

Figure 71: SEM images of samples grown with Ni as catalyst and OCTS/PCl3 as 

precursor at temperatures of: 

a) 900°C 

b) 800°C  

c) 500°C  

d) 400°C  

900°C a) 
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800°C b) 

2 µm 

500°C c) 

1 µm 

400°C d) 
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NWs by chemical and/or physical roughened surfaced, which would explain the 

preference of the etching pits as origin of growth. The nanostructures themselves are up 

to 3 µm long, around 500 nm thick and strongly irregularly shaped. At 500°C (Figure 

71c) the nanostructures get longer and become more twisted, although their diameter 

remains around 500 nm and they still prefer to grow from roughened surfaces. Finally at 

400°C (Figure 71d) NWs were encountered in considerable numbers with up to 2 µm in 

length, 100 nm in diameter and a much less twisted shape than at higher temperatures. 

Unfortunately no signs of epitaxial growth were found. 

As it proved to be very beneficial for NW growth in earlier experiments 20 sccm of H2 

were added to the gas feed. The results of these experiments can be seen in Figure 72. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 72: SEM images of samples grown with Ni as catalyst and OCTS/PCl3 as 

precursor at temperatures of: 

a) 900°C 

b) 800°C 

c) 500°C 

d) 400°C 

During all of these growth experiments 20 sccm of H2 was added to the gas feed 
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NWs were successfully grown at 900°C (Figure 72a). These NWs were up to 5 µm 

long, about 100 nm thick and strongly tapered. This might originate from uncatalytic 

deposition on the sidewalls and is also supported by the work of Krylyuk et al. [118]. 

They demonstrated the influence of partial pressure of the precursor on a NW’s tapering 

behaviour involving SiCl4 and H2. It was also mentioned earlier, that Si from SiCl4, a 

byproduct of OCTS decomposition, becomes available at temperatures of 900°C and 

higher, which would further support the assumption of sidewall-deposition. The NWs 

produced this way did not feature epitaxy. At lower temperatures only different 

intensities of etching could be observed. At 800°C (Figure 72b) and 600°C (Figure 72c) 

etching was clearly visible over the whole sample. In the latter ones also rectangular 

structures could be observed, originating from cubic nickelsilicide crystals. At the 

lowest temperature of 400°C (Figure 72d) only uncatalytic deposits covered the sample. 
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4.5 Electrical properties of VLS-grown Si-NWs 

 
4.5.1 Resistance and contact resistance of Si-NWs grown with pure OCTS 
 

As described in chapter 3.3, modules with integrated NWs were prepared by electron 

beam lithography and lift off techniques. With these modules it was possible to 

investigate the electrical properties of NWs synthesised in this work. Figure 74, Figure 

76 and Figure 78 show I/V curves of NWs grown with pure OCTS for different 

catalysts.  

 

 

 

 

 

 

 

 

 

 

 

Figure 74: I/U curves of 2-point measurements of differently catalysed NWs. 

The inset shows thereof calculated resistance (including contact resistance) of 

the respective NWs. 

 

Measured between -1 V and +1 V, Pt catalysed NWs with OCTS as precursor show by 

far the smallest resistivity (1.35*10
9 

Ω), while Au catalysed NWs also show a low 

Figure 73: Schematic (a) and setup (b) of a 2-point electric measurement utilised 

for characterisation of NWs 

a) b) 
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resistivity with 6.84*10
9
 Ω. Ag, Ni and Cu catalysed NWs feature a comparable high 

resistivity, what can be attributed to strong incorporation of catalyst material during 

growth and formation of severe defects as determined by TEM investigation. Of course 

the values shown in Figure 74 are composed of the actual resistivity of the measured 

NW and the contact resistance of the interfaces of the contacts. To determine the 

resistivity of the NWs and the contact resistance, 4-point measurements were also 

conducted on the very same NWs (results in Figure 76 and Table 2). 

 

Table 2: Contact resistivity and actual NW resistivity of differentially catalysed NWs 

grown with OCTS as precursor 

Catalyst Contact resistance NW’s resistance per unit length 

Au 6.55*10
08

 Ω 3.48*10
02

 Ω/cm 

Ag 2.52*10
10

 Ω 1.41*10
05

 Ω/cm 

Cu 6.49*10
11

 Ω 4.17*10
02

 Ω/cm 

Pt 1.28*10
09

 Ω 9.21*10
03

 Ω/cm 

Ni 8.49*10
09

 Ω 8.64*10
03

 Ω/cm 

 

Au (6.55*10
8
 Ω) and Pt (1.28*10

09
 Ω) catalysed NWs feature the lowest contact 

resistivity. Au is unable to form silicides, which could increase the contact resistance. Pt 

can form silicides, what explains the higher contact resistance compared to Au  

catalysed NWs. Pt catalysed NWs feature a flawless crystal structure, what still results 

in a comparably low contact resistance. Contrary, Ni can form several silicides, what 

explains the higher contact resistance (8.49*10
09

 Ω). Ag catalysed NWs feature a high 

contact resistivity (2.52*10
10

 Ω) due to the tendency of twinning, what deteriorates 

crystallinity. Cu catalysed NWs exhibit a very high contact resistance (6.49*10
11

 Ω), 

what is in agreement with the work of Wu et al.[119]. Wu observed a very high 

resistance at interfaces during annealing due to the formation of Cu3Si, the phase the 

NW actually precipitates from.   
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4.5.2 Specific resistivity and mobility of Si-NWs grown with pure OCTS 
 

The I/V curves were measured at gate voltages between -5 V and +5 V and showed very 

different specific resistivities. Cu (7.8*10
4
 Ωcm) and also Ni (1.57*10

4
 Ωcm) feature a 

very high specific resistivity, what can be attributed to deep level traps and incorporation 

of the catalyst in the NW during growth, upon which mixed crystals are formed. The 

presence of high resistivity Cu3Si, which was incorporated from the catalyst particle during 

growth, further underlines the high values Cu catalysed NWs experience in these tests. The 

investigations of Au catalysed NWs revealed a specific resistivity of 5.96*10
3
 Ωcm, which 

is comparable with the results of Heath et al. [33]. They reported a specific resistivity of 

intrinsic NWs, grown with SiH4 as precursor, of about 1 kcm. These NWs are just 

slightly tapered and feature a next to flawless crystal structure (Figure 44a), which 

indicates low catalyst incorporation during growth. Nonetheless deep level traps also play 

in important role when catalysing with Au as it is one of the most potent deep level trap 

benefactors in Si [3]. Given the fact that Au is definitely a stronger deep level trap 

benefactor than Cu or Ni, it can be said that the influence of crystal structure and mixed 

crystal formation outranks the influence of deep level traps within this experiments. Ag 

experienced, contrary to the other catalysts, a strong non ohmic behaviour. This is most 

likely a result of the twin crystals that were encountered during TEM investigation, but can 

also be attributed to contacting problems. The specific resistivity of these NWs (4.23*10
3
 

Ωcm) is also a little lower than their Au catalysed counterparts. Finally Pt catalysed Si 

NWs feature by far the lowest specific resistivity (9.72*10
2
 Ωcm). The reason for this is 

the practically flawless crystal structure and Pt’s advantageous deep level trap behaviour. 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

Figure 75: Schematic (a) and setup (b) of a 4-point electric measurement 

utilised for characterisation of NWs 
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4.5.3 Specific resistivity and mobility of Si-NWs grown with pure OCTS 

 

Following the I/V measurements, the back gated measurements again revealed very 

different behaviour for Pt, Ag, Au, Ni and Cu catalysed Si NWs (Figure 78, Table 3). 

The schematic and setup for these measurements are shown in Figure 77. Although all 

NWs experienced intrinsic p-type behaviour, their threshold voltages and trans-

conductance varied strongly. 

 

 

 

 

 

 

 

 

 

CATALYST 
SPEC. 

RESISTIVITY 

Au 5,96E+03 Ωcm 

Ag 4,23E+03 Ωcm 

Cu 7,80E+04 Ωcm 

Pt 9,72E+02 Ωcm 

Ni 1,57E+04 Ωcm 

Figure 76: I/U curves of NWs catalysed with Pt, Ag, Au, Ni and Cu grown with pure 

OCTS. The x-axis shows the voltage difference between the inner two contacts of 

the 4-point measurement. The specific resistivity of these NWs is noted in the inset. 
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CATALYST 

Au Ag Cu Pt Ni 

Figure 78: Back gated measurements of the differently catalysed NWs grown with 

pure OCTS. The current of the Pt catalysed NWs is correlated with the secondary y-

axis as it outperforms any other NW by at least two orders of magnitude. All NWs 

show a more or less pronounced p-type behaviour and very differing thresholds. 

a) b) 

Figure 77: Schematic (a) and setup (b) of a FET measurement utilised for 

characterisation of NWs 
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Although the thresholds of Cu and Ni were different with +2 V and -0.4 V 

respectively, the resistance drop was very low with both catalysts. Au and Pt feature a 

comparably large drop in resistance (about one order of magnitude) with the same 

threshold of -4.5 V. Finally Ag catalysed Si NWs changed their resistance at a threshold 

of +4.4 V, what may be due to twin crystal formation. The resistance drop of these NWs 

ranges between that of Ni and Au. 

From the investigated NWs only Ag and Ni catalysed Si-NWs show a promising 

behaviour for use as NW-FETs as they offer a reasonable increase in current within a 

rather small voltage interval. 

Similar p-type behaviour is observed for most intrinsic VLS grown Si-NWs and can 

be attributed to surface hole accumulation due to trapped negative surface charge, 

although contribution of impurities like Au and O cannot be excluded completely [120].  

To calculate the channel mobility (µ) a model used by Khanal et al. [121] was used, 

with the vacuum permittivity (ε0=8.854*10
-12

 C/Vm), the relative permittivity 

(εr(SiO2)=3.9), the length of the respective NW (L), the height of the respective NW (h) 

and the drain voltage (UD=0.5V). 

 

 

 

 

 

The transconductance (gm) along with the voltage difference UD for the respective 

NWs were derived from Figure 78. The calculated values for the NWs’ channel 

mobility shown in Table 3 agree quite well with the value of 0.1 cm²/V*s Byon et al. 

have received for their Si-NW FETs [122]. Only the Pt catalysed NWs show a 

Catalyst Ion [A] Ioff [A] Uon [V] Uoff [V] µ [cm²/V*s] 
Threshold 

[V] 

Au 2.20*10
-10

 7.51*10
-12

 -5.0 -2.0 0.106 -4.5 

Ag 1.94*10
-10

 8.58*10
-12

 -1.3 4.5 0.024 +4.4 

Cu 3.32*10
-11

 7.55*10
-12

 -5.0 -0.5 0.015 +2.0 

Pt 1.73*10
-08

 8.70*10
-10

 -5.0 -1.6 3.441 -4.5 

Ni 2.84*10
-11

 2.66*10
-12

 -1.5 -0.3 0.030 -0.4 

Table 3: Characteristic values of catalysed FET- NWs along with their respective 

mobility 
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comparable large mobility. This high value may be attributed to the formation of 

platinum silicides, which feature a very high ION/IOFF ratio; also described by Jang et al. 

[123] with greater than 10
6
. This is still far less than the hole mobility of bulk Si (450 

cm²/V*s).  

 

4.5.4 Electrical characterisation of Si-NWs grown with doped OCTS 

 

As mentioned earlier only Au as catalyst could provide epitaxial NWs with pure 

OCTS and the B and P doped mixtures. So only these NWs were measured and showed 

very different specific resistivities due to the different precursor mixtures used (Figure 

79). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As expected, NWs grown with pure OCTS exhibited the highest specific resistivity 

(5.96*10
3
 Ωcm). B doped NWs feature a rather high specific resistivity with 8.62*10

2
 

Ωcm, what is due to the large amorphous shell and stacking faults (Figure 63a), which 

were caused by the addition of BBr3 during growth. Annealing at 470°C for 2 min 

Figure 79: Semi-logarithmic I/V-plot of intrinsic, p- and n-type NWs. Thereof 

calculated specific resistivity values are shown next to the respective curves. Values 

of the annealed and unannealed B doped NWs are shown to view the impact of 

contacting problems and the amorphous shell on the NWs resistivity. 

 

(OCTS)= 

5.96 kcm 

(OCTS/B)= 

198 mcm 

(OCTS/P)= 

2.7 mcm 

(OCTS/B as grown)= 

862 cm 
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reduced the specific resistivity considerably to 1.98*10
-1

 Ωcm, or by a factor of ~4350. 

According to Lauhon et al. [75] the annealing causes the amorphous shell to crystallize 

and improves conductibility. P finally shows the best doping activation of all three 

mixtures, which results in a specific resistivity of 2.4*10
-3

 Ωcm. Comparing these 

values with active dopant concentrations in bulk Si, leads to 2*10
12

 cm
-3

, 10
17

 cm
-3

 and 

3*10
19

 cm
-3 

for intrinsic, B-doped and P-doped NWs, respectively [54]. Unfortunately 

the high conductibility of the doped NWs completely prevented channel modulation 

when they were integrated into back-gated FETs. 

The contact resistance was calculated analogously to the intrinsic NWs described 

before. Unannealed B-doped NWs feature a high contact resistance of 2.96*10
9
 Ω. Once 

annealed, the contact resistance dropped to 9.28*10
4
 Ω, what can be attributed to the 

amorphous Si shell deteriorating the contact interface. P-doped NWs feature a smaller 

contact resistance of 9.18*10
3
 Ω, what probably originates from the already low specific 

resistance. 
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4.5.5 Characterisation of an in-situ grown pn-diode 

 

The good activation and incorporation of dopants during growth, led to the idea of an 

in-situ grown diode processed according to 3.4. A semi-logarithmic I/U curve of such a 

measured diode can be seen in Figure 80a.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The I/U diagram shows clearly the behaviour of a real pn-diode according to Figure 

80b [54] with the influences of generation-recombination-currents (a), diffusion currents 

(b), injection currents (c) and serial resistance (d) for the forward bias. The increase in 

the reverse bias can be attributed to generation-recombination-leakage-currents (e), 

which is comparably high in case of the in-situ pn-diode. The initial expectations of 

creating a tunnel- or Esaki-diode with an atomic sharp interface via the VLS-mechanism 

Figure 80: The semi-logarithmic I/U diagram pn-diodes with forward bias and 

reverse bias: 

a) pn-diode curve from literature [54] 

b) In-situ grown pn-diode 

The most striking differences in the curve are due to: 

(a) Generation-recombination-currents 

(b) Diffusion currents 

(c) Injection currents 

(d) Serial resistance 

(e) Generation-recombination-leakage-currents 

 

a) b) 

Reverse bias 

Forward bias 

ΔU [V] 
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did not occur, which is most likely due to the high diffusion rates at a growth 

temperature of 800°C, which created a very gentle pn-gradient. 

An analysis of the emission coefficient showed an unusual value of around 7, what is 

too far off from the expected 1 to 4 for a usual Si-diode. The high current in reverse 

direction supports the assumption of a very gentle gradient, what renders the Schockley 

model invalid for this specific diode. 
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5 Conclusion  

NWs are seen as an ideal candidate for integration in future micro- and nano-scale 

electronic devices by increasing packaging density, adjusting properties to applications 

and growing structures in desired locations. Of course a well understood growth 

mechanism and a suitable precursor, along with adjusted process parameters, are 

necessary to achieve such devices. 

Hence, this thesis focuses on the capabilities of OCTS to grow Si-NWs and 

investigation of their electrical and crystalline properties. To achieve these goals the 

influence of temperature, H2 addition, flow rates, sample preparation, alternative 

catalysts and doping agents were examined.  The epitaxial NWs achieved this way were 

subsequently characterized for their properties involving SEM, I/U measurements and 

TEM investigation, including crystallographic analysis. A selected portion of these 

NWs were also used to create an in-situ grown pn-diode. 

The second chapter covers the theoretical aspects of this work, presenting basic 

understanding for electrical and TEM characterization, but also providing a thorough 

understanding of the VLS-mechanism and relevant subject, like precursor properties, 

phase diagrams and epitaxy. The NW growth is influenced not only by easily accessible 

parameters like temperature and total pressure, but also by partial pressure of the 

precursor, amount of H2, catalyst, pre growth tempering and age of the used quartz glass 

tube of the reactor. The epitaxy of the NWs, which was an important goal of this thesis, 

also depends on very different parameters depending on the used dopant and kind of 

catalyst. Furthermore NWs do not grow necessarily via a VLS mechanism, but also by 

the VSS mechanism, thus requiring good understanding of phase diagrams, surface 

energies and utilization of those. 

Electric properties of Si-NWs can be explained by the work of Schottky, although 

surface atoms play an increasing role considering a NWs tiny size. Surface charges can 

profoundly decrease a NW’s conducting area by forming a depleted shell near the 

nanowire surface resulting in a reduced charge-carrying area and therefore alter a NW’s 

electrical properties. The effects of doping agent on growth and of course on electrical 

properties are also basically explained in this section. B is not only a popular dopant, 

but alters the growth behaviour severely by accelerating precursor decomposition, while 

P decelerates NW growth by occupying adsorption spots on the catalyst. 

The theoretical part concludes by providing a basic understanding of analysing and 

interpreting a Si Sample by TEM investigation. This incorporates basic setup of a TEM, 
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as well as Bragg’s law, the importance of the Ewald sphere and examples for thickness 

contours and the most common defects encountered in Si. The indicating of a 

diffraction pattern is also basically explained. 

Chapter three explains the experimental setup and sample preparation of Si-NW 

growth conducted in this thesis. A detailed illustration of the used hot wall furnace 

atmospheric pressure chemical vapor deposition is shown, accompanied by an 

explanation of growth sample preparation and subsequent preparing for TEM 

investigations. NW growth was researched at temperatures between 400°C and 900°C 

with different feed gases and catalysts. In later stages also doping agents were 

introduced into the gas flow to grow in-situ doped NWs. Samples for subsequent 

electrical investigation were made by removal with ultra-sonic sound and contacting 

with electron beam lithography. A detailed illustration and description how the in situ 

grown pn-diode was processed concludes the experimental part. 

Chapter number four presents the results of the conducted experiments and a 

subsequent discussion of them.  

First growth experiments with pure OCTS were conducted with Au as the catalyst and 

100 He sccm as carrier gas only. Au proved itself as a very versatile catalyst as NWs 

were found in good quantities between 600°C and 900°C. The addition of 20 sccm H2 

had mostly negative effects on NW growth. Except for a temperature of 900°C, where 

NWs with a diameter up to 2 µm were encountered, only etching was observed. By 

tweaking growth parameters it turned out, that epitaxy could be achieved by a 30 min 

annealing step prior to growth at 800°C in pure He. The growth itself took place at 

700°C and yielded a large share of upright NWs. An increase in OCTS partial pressure 

completely supressed the growth of upright NWs and only inclined ones were found. 

Crystallinity with no observable defect along with a [111] growth orientation was later 

verified by TEM investigations.  

Alternative catalysts were also successfully utilized for NW growth. In all cases a flow 

rate of He:H2 : 100.20 sccm was necessary to achieve the best results. Ag catalysed 

NWs were 100 to 200 nm in diameter and 1 to 5 µm in length grown at 800°C, while 

featuring an strongly facetted appearance. At 800°C, Cu catalysed NWs were yielded 

with diameters of 50 to 200 nm and lengths of up to 20 µm. Finally Pt yielded epitaxial 

NWs with about 5 µm in length and 30 to 100 nm in diameter at 900°C. Also in these 

cases, [111] directions were confirmed for all alternately catalysed NWs by TEM 

investigations, but crystallinity differed among them. Ag caused a strong tendency for 
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twining, Cu was incorporated during growth, which resulted in strongly tapered NWs, 

while Pt contrarily caused a crystal structure without observable defects. Along with 

these catalysts also Al, Ti and In were investigated, but successful growth was not 

achieved.  

A special feature was produced when Ni was used as catalyst. At 900°C with a gas 

flow of He:H2 : 100:40 sccm square shaped Si-NWs were produced contrary to the 

usually irregular hexagonal ones. The square shape derives from the cubic structure of 

α-NiSi2, which forces its shape onto the NW during growth. Also two different growth 

orientations, namely [100] and [110], were encountered on the very same sample, what 

depends on the thickness of the used Ni layer. The Ni layer used in this thesis cannot be 

expected to cover the whole sample equally, thus leading to different orientations of the 

initial nickelsilicide particle the NW grows from. 

After growth with pure OCTS, it was also tried to add BBr3 to the gas feed and grow 

in-situ p-doped NWs. In this case it proved necessary to add 20 sccm H2 to the gas flow 

to improve NW growth. BBr3 changed the growth behaviour considerably by 

acceleration precursor decomposition, what resulted in NWs with a thick shell of 

amorphous Si wrapping around a crystalline core. The amorphous shell accounted for 

about half of the NW’s diameter in this case. This was later confirmed by TEM 

investigation, which also revealed a growth direction of [112]. Also the growth 

temperatures were shifted to lower values. NW growth was observed between 400°C 

and 700°C, with epitaxy achieved at 600°C. For the alternative catalysts Cu, Ni and Pt 

the results were far from achieving epitaxy, although NWs were achieved. In general 

their quantity and quality dropped considerably. 

For the final grow experiments a P containing component, PCl3, was added to the gas 

flow. Au again proved itself the most versatile catalyst and epitaxial NWs were 

achieved at 900°C with 20 sccm of H2 added. These NWs were about 60 nm to 150 nm 

in diameter and up to 30 µm long and were also yielded in numerous quantities. NWs 

were also found at 800°C, but quality and numbers were noticeably decreased. At lower 

temperatures no NWs were encountered. Contrary to the experiments with BBr3 NWs 

could also be grown without the addition of H2. At temperatures of 800°C and higher 

successful growth could be achieved, although no epitaxy was realised. 

The work is concluded by the electrical characterisation of the epitaxial NWs grown 

with different catalysts, including doped ones. Cu (7.8*10
4
 Ωcm) and Ni catalysed 

(1.57*10
4
 Ωcm) NWs feature the highest resistivity as both catalysts incorporate 
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themselves during growth and deteriorate crystal structure. Au catalysed NWs feature a 

resistivity of 5.96*10
3
 Ωcm, what is in range of values obtained in literature. Ag 

(4.23*10
3
 Ωcm) and Pt (9.72*10

2
 Ωcm) produce NWs with even lower resistivity. This 

is most likely due to their favorable deep level trap behaviour and good crystal 

structure. In subsequent experiments Au was used to grow in situ doped NWs. B doped 

NWs feature a resistivity of 8.62*10
2
 Ωcm as prepared, while annealing at 470°C for 2 

min reduced resistivity to 1.98*10
-1

 Ωcm. The difference can be attributed to the 

enormous amorphous shell around the NW, which the addition of B causes to form 

during growth. P proved to be an even more potent dopant by reducing the NW’s 

resistivity to 2.4*10
-3

 Ωcm. Comparing these values with active dopant concentrations 

in bulk Si, leads to 2*10
12

 cm
-3

, 10
17

 cm
-3

 and 3*10
19

 cm
-3 

for intrinsic, B-doped and P-

doped NWs respectively. Finally also an in situ doped pn diode was grown and 

electrically characterized. This diode featured classical behaviour and a high leakage 

current at the reverse bias, which is due to the extremely soft gradient at the interface. 
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