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I was like a boy playing on the sea-shore, and diverting myself now and then

finding a smoother pebble or a prettier shell than ordinary,

whilst the great ocean of truth lay all undiscovered before me.

- Isaac Newton (1643 - 1727)
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CHAPTER1

General Introduction

1.1 Nanomaterials

The research results presented in this thesis are the outcome of a series of in-

vestigations on the manipulation of the growth or self-arrangement of certain

nanostructured materials. The definition of a nanomaterial or nanostructure is

rather vague, a commonly agreed working definition is a material having at least

one of its dimensions smaller than 100 nm, however this boundary has no solid

scientific foundation. Officially, it denotes a physical body with dimensions rang-

ing from 1 to 999 nm, which ranges from as small as a collection of a few atoms to

almost as large as the smallest pollen carried by a honeybee. Nanomaterials are

invisible to the naked eye and can only be visualised properly by a microscope.

For structures down to about 250 nm, an optical microscope suffices, for struc-

tures down to about 25 nm an advanced scanning electron microscope is needed

for clear resolution. For still smaller objects an elaborate transmission electron

microscope is required, which reveals features of sizes down to about 0.25 nm.

The nanostructure in general is tiny, but its implications to society are by no

means small. Nanomaterials can have unique properties that their bulk counter-
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14 General Introduction

parts do not have, mainly due to an increased surface area and new quantum

effects. As the dimensions of an object are decreased, down to the nanoscale, its

material properties, such as, colour, magnetism, electrical conductivity, chemical

reactivity, etc., can change. A few examples are provided here. When the size

of a semiconductor crystal is made smaller than a certain critical limit, called

the Bohr exciton radius, quantum confinement of the wavefunctions of its elec-

trons causes the electronic structure to become size-dependent and with that its

electronic and optical properties [1]. For noble metal particles the collective inter-

action of its electrons with an external electromagnetic field can cause localised

surface plasmon polaritons [2], which are collective charge oscillations. The con-

sequences of the plasmon excitation are selective photon absorption, scattering

and enhancement of light intensity at a certain resonance wavelength. For some

materials, such as tungsten oxide, the physical properties depend mainly on the

amount of defects that are present at the surfaces of the material [3, 4]; for a

nanosized object the surface area greatly dominates over the volume.

Even though the special physical properties of nanomaterials are highly attrac-

tive to be studied, the studies to be dealt with here have been limited to the manip-

ulation of the growth and self-organisation of nanoparticles, nanotubes, nanorods,

nanowires and nanocacti, the latter of which are nanowires with nanorod super-

structures. To narrow the subject further, nanomaterials consisting of tungsten

(W), tungsten oxide (WO3−x), carbon (C), nickel (Ni) and nickel oxide (NiO) will

be discussed.

Since the 1950s surface science has been evolving rapidly with the study of

increasingly complicated surfaces. With a growing number of structures under

investigation, the techniques used for its characterisation also underwent consid-

erable development. In 2009 Van Hove [5] published a brief overview of char-

acterisation techniques that are employed to understand the atomic structure of

nanostructures. Nanomaterials already find a very wide spectrum of applications

in modern society. Applications to make consumer goods cheaper, stronger, more

durable or more efficient. Applications, such as, sunscreens, sporting goods, bi-

cycles, cooking pans, stain-resistant clothing, tires, cosmetics, water purification,

microelectronics, photovoltaics, drug delivery and cancer treatment. It is esti-

mated that the impact of nanomaterials on global society will exceed that of the

industrial revolution and the market is projected to involve a trillion dollar by

2015 [6]. Unfortunately, almost nothing is known about the health effects of ex-

otic nanomaterials that are alien to the human and animal body. The days in

which simple classifications as ”carbon is non-toxic and cadmium is toxic” could

be made are over. For instance, a collection of carbon atoms in a nanoparticle

may be non-toxic, while the same atoms arranged in a long nanofiber might be.

For every material and variety of morphologies a global toxicology indexation is
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urgently necessary and is also achievable. The research on nanomaterials is, on

the one hand, very useful and definitely necessary, industry should, on the other

hand, be cautious and reserved with its mass implementation without addressing

these risks.

1.2 Motivation for this research

The title ”Substrate Patterning with NiOx Nanoparticles and Hot-Wire Chemical

Vapour Deposition of WO3−x and Carbon Nanostructures” raises the question

how this selection of seemingly distant topics came about. The research work

was initiated with the aim to fabricate a prototype novel solar cell using three-

dimensional elongated nanostructures of a high aspect ratio and a high electrical

conductivity composed of carbon, called carbon nanotubes. This involved the

synthesis of nickel catalyst particles from which the carbon nanotubes are syn-

thesised. A regular pattern of vertically aligned and spatially separated carbon

nanotubes can serve as a backbone in a photovoltaic device. The concept is sim-

ilar to the recent work of Kuang et al. [7], who used Ag coated ZnO nanorods to

this end. In such a concept a solar cell composed of silicon-based films (a p-i-n

junction) provides the active photoconversion and the carbon nanotubes or coated

nanorods act as elongated electronic pathways for the photoinduced charges. Fig-

ure 1.1 shows a schematic representation. The projected arrangement raises the

photocurrent.

Figure 1.1: Schematic representation of a carbon nanotube-based solar cell con-
cept.

It will be shown that the formation process of the nickel nanoparticles, required

for the carbon nanotubes, can be influenced in a useful way by using air during

the processing. A novel preparation method for spatially separated monodisperse

NiO1+γ nanoparticles on surfaces of arbitrary area by a simple annealing treat-

ment of Ni films on a special underlayer, is presented. The nanoparticles are used

to synthesise vertically aligned carbon nanotubes to show the catalytic nature of

the particles. This explains part of the title of this thesis.
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During the practise of scientific research one can stumble upon unexpected

phenomena and, if funding permits, choose to chase what the serendipity brings.

In the synthesis process of carbon nanotubes, the unintended presence of air in the

reactor altered the deposition process in an unexpected but interesting way. Next

to carbon nanotubes, tungsten oxide nanostructures with exotic morphologies

were observed. Tungsten oxide nanostructures have previously been synthesised

with this method, but no detailed reports of a controllable synthesis is available.

Furthermore, about the versatility of this particular approach of the method,

very little is known. The simple elimination of oxygen during the process can

lead one back on track, here, however, it was thus chosen to make it an ingredient

of the processing and to investigate the deposition of tungsten oxides with this

method. After eliminating the uncontrolled source of air, a gas inlet with mass

flow controller was installed for the controlled admission of air into the reactor.

The synthesis of tungsten oxide nanomaterials with the hot-wire chemical vapour

deposition (HWCVD) method was thus extensively investigated. To this end this

method is scarcely used, because conventionally the presence of air is avoided

during the HWCVD of thin films, to prevent tungsten contaminations in the de-

posited films. The result of the extensive investigation is that the study on the

photovoltaic device only produced preliminary results, which are not included in

this thesis.

1.3 The hot-wire chemical vapour deposition tech-

nique

HWCVD is a relatively new and very promising technique. In general a single

filament, usually of a refractory element, is resistively heated to elevated temper-

atures in a reactor vessel in an ultra high vacuum. Source gasses are introduced

into the vessel, which are catalytically decomposed at the filament. The species

resulting from the decomposition diffuses to a substrate (or superstrate) where a

thin film forms. It depends on the gas phase kinetics whether the decomposition

species react only at the substrate or also in the gas phase. To increase the sur-

face area on which a homogeneous deposition is established, often two or more

filaments are used [8].

In 1979 the first patent related to this technique was assigned to Weismann

et al., who employed HWCVD for the deposition of silicon thin films. However,

the results that were obtained were disappointing. They used a high back ground

pressure of around 10−6-10−4 mbar and a low process pressure of around 10−4

mbar. They deposited hydrogenated amorphous silicon films exhibiting a photo-

conduction that was not very good compared to what was obtained with plasma
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techniques at that time. As a result the HWCVD technique did not receive much

attention and got a slow start. Today its counterpart, viz., the plasma enhanced

(PE) CVD technique, is still the most widely used deposition technique for silicon

based thin films. HWCVD has, however, since then made a steady progress and

the technique offers thin film synthesis leading to a quality that is not outdone

by PECVD. In this work it is shown that for the synthesis of tungsten oxide

nanomaterials the HWCVD technique allows great control over deposition rate,

morphology, crystallinity and composition of nanostructured depositions.

1.4 Aim and outline of this thesis

In Chapter 2 all experimental conditions that have been used to synthesise or

process the materials discussed are provided. The deposition reactor used for all

HWCVD processes is extensively described and the methods used to characterise

the materials structurally, crystallographically, optically, etc., are discussed. This

thesis is divided into two parts, viz., nickel and nickel oxides (NiOx), and tungsten

and tungsten oxides (WO3−x).

1.4.1 Part I - Self-Organised Substrate Patterning with NiOx

Nanoparticles

As mentioned for the synthesis of e.g. carbon nanotubes, nanoparticles catalysing

the growth are required. Controlling the size and distribution of the catalyst

particles, means controlling the structures synthesised with them. Chapter 3

presents a lithography technique, which uses silica colloids to prepare spatially

isolated monodisperse nickel nanoparticles in hexagonally ordered arrays. The

nickel particle size can be reduced by deforming the colloids. Ion beam irradia-

tion has been used to shrink the hole sizes in the colloidal mask to make smaller

nickel particles. An array of such nickel nanoparticles is used in deposition ex-

periments described in the last chapter, viz., Chapter 10. Chapter 4 explores

the preparation of nanoparticles without a lithography technique. The thermal

dewetting of smooth thin Ni films of various thicknesses was studied by perform-

ing an annealing treatment under a reducing atmosphere. Highly mobile nickel

nanoparticles result from the dewetting, which self-assemble into larger islands.

To reduce the sizes of the self-assembled islands, the mobility of the nanoparticles

that result from the dewetting, was influenced by oxidising the Ni before and dur-

ing the dewetting. Hereto, NiOx films of various thicknesses were annealed in a

N2/air environment, for two elevated temperatures. Annealing in hydrogen yields

metallic Ni nanoparticles, whereas annealing in N2/air yields NiO1+γ nanoparti-
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cles. For ultrathin NiOx films annealed in a N2/air flow, an interesting dewetting

phenomenon is observed. Chapter 5 further explores this dewetting phenomenon.

Hereto, ultrathin NiOx films of a thickness of 1.5 nm are annealed for a series of

durations as well as for a series of temperatures. These films were additionally

annealed in vacuum at an elevated temperature. Nanoparticle templates that re-

sult from that study are used to synthesise graphitic carbon nanotubes with the

catalytic HWCVD technique.

1.4.2 Part II - The Controlled Growth of WO3−x Nano-

structures Using Non-Catalytic Hot-Wire Chemical

Vapour Deposition

The HWCVD technique is used in this part of the thesis in an unconventional

way. Conventionally, the technique operates through the catalytic decomposition

of source gasses, which means that the filaments do not actively participate in the

deposition process. The process is conventionally used, for example, for the syn-

thesis of a-SiNx:H films [9]. For such films ammonia (NH3) and silane (SiH4) are

used as source gasses, whereby the presence of air is avoided by using an ultra high

vacuum, such that no tungsten pollution ends up in the deposited films. In the

work described here, tungsten filaments are used, not as catalytic agents but as

a source for the deposition of tungsten atoms. Ambient air of a reduced pressure

is intentionally used as oxidising gas. Exposing the heated tungsten filaments to

a flow of air results in the production of WO3−x species at the filaments, this has

been known for decades. In the work to be presented in this thesis, the WO3−x
vapour species is collected on a remote substrate for characterisation. The effects

of changing process parameters, viz., filament temperature, air pressure and sub-

strate temperature, on the material properties, are investigated. This approach

is very new and little is known about it, even though tungsten oxide is a very

interesting material. In Chapter 6 the significance of WO3−x to material science

is sketched by categorising the applications based on tungsten oxides. Chapter

6 accordingly discusses the growth of WO3−x with the HWCVD technique us-

ing a low pressure on substrates of a temperature of about 400 ◦C as well as on

substrates heated to about 650 ◦C and higher. Characterisations (morphologi-

cal, crystallographical, structural and optical) of tungsten oxide deposited with

HWCVD is also provided. Chapter 7 deals with the influence of the filament tem-

perature, the process pressure and the substrate temperature on the deposition of

WO3−x. Thus, a fairly complete picture is obtained of how thin films and nano-

structures are deposited on a remote substrate using this non-catalytic HWCVD

process. Moreover, by controlling the air pressure and the substrate temperature,

an astonishingly large influence on the morphology of the deposited WO3−x is ob-
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tained. It is interesting, however, to also be able to change the oxygen content of

the deposited WO3−x. This is because amorphous WO3 is an electrical insulator,

crystalline WO3 is a semiconductor and both amorphous and crystalline WO3−x
exhibit band gaps that decrease with decreasing oxygen content. Chapter 8 treats

the effects of the introduction of hydrogen during the deposition of WO3−x with

the aim to reduce the oxygen content. By controlling the temperature of the sub-

strate and performing the depositions using various pressures, depositions with

atomic configurations of W, W/WO3−x and WO3/WO3−x are obtained with this

single very simple deposition technique. It is also feasible to perform the reduction

after completion of the depositions, instead of during the depositions. Chapter

9 discusses the post-deposition reduction of the various nanostructured deposi-

tions obtained in Chapter 7. A two-step deposition procedure for the synthesis

of metallic tungsten nanostructures at a relatively low temperature is introduced.

Thus, not only insulating and semiconducting nanostructured depositions can be

prepared with HWCVD; the method stretches further and allows deposition of

metallic nanostructured depositions and ultrafine metallic powders.

It is a known effect that a more noble metal can increase the rate of reduction

of metals of a higher affinity to oxygen. Metallic nickel crystallites have been

used to investigate whether tungsten oxides deposited in a hydrogen atmosphere

on the substrate kept at an elevated temperature, are reduced more readily. To

this end, spatially separated nickel particles in a hexagonal pattern that are ob-

tained from the lithography technique described in the first chapter, are used.

The result is the formation of exotic hierarchical homogeneous nanowires with

nanorod superstructures, here named nanocacti, which consequently occur on the

substrate in a hexagonal pattern. The structures are characterised and the origin

of their formation disclosed. It is also shown that exotic hierarchical heteroge-

neous nanowires with nanorod superstructures can be easily synthesised with this

method. A simple deposition procedure is presented for the synthesis of such

branched nanostructures using only air and hydrogen.





CHAPTER2

Experimental Methods

This chapter describes the technical details of the deposition and characterisa-

tion setups that are used in this thesis to study the manipulation of the growth

or self-arrangement of nickel, nickel oxide, carbon, tungsten and tungsten oxide

nanostructures. The dedicated hot-wire chemical vapour deposition reactor used

for the synthesis of the carbon, tungsten and tungsten oxide nanomaterials is ex-

plained in detail, with extra attention paid to the control of substrate temperature

and process pressure. This chapter also provides a section treating the deposition

and characterisation of the titanium oxynitride barrier films and nickel and nickel

oxide catalyst material films.

2.1 The deposition reactor

All tungsten, tungsten oxide and carbon materials are synthesised using hot-

wire chemical vapour deposition (HWCVD) in a home-built experimental vacuum

reactor called the CANTOR (CArbon NanoTube reactOR). Figure 2.1a) shows

a picture of the exterior of the setup in which several components are labeled as

(1)-(15) and (α)-(η).

21
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Figure 2.1: Picture of a) the exterior and b),c) interior components of the CAN-
TOR reactor.

The CANTOR vessel (1) has a volume of 13.5 dm3 and reaches a typical very

high vacuum of 1.0·10−7 mbar. Three gas bottles, each containing either methane

(CH4), ammonia (NH3) or hydrogen (H2), are connected to a single gas inlet (2)

that leads into the vessel. There is a separate gas inlet (3) for argon (Ar) and

ambient air (∼20% O2 + 80% other). The flows of the source gasses are controlled

by mass flow controllers and are digitally displayed (4). The gas pressure in the

reactor in the low pressure regime (low, medium and high pressure regimes will

be defined in section 2.1.2) is measured by a Varian vacuum gauge (5), in the

medium regime by an Edwards 658 pressure meter (6) and in the high regime by

a Baratron capacitance manometer (7). The pressures are digitally displayed (8).
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In the high pressure regime the process pressure can be adjusted by a knob (9)

that regulates a manual valve, with which the pump speed can be adjusted. Two

parallel straight tungsten filaments (GoodFellow, 99.95% purity, 10.5 cm in length

and 0.3 mm in diameter) are resistively heated by a constant direct current (DC)

to allow for the dissociation or decomposition of the source gasses. Two filaments

were employed for increased homogeneous deposition area [8]. The DC current

is kept constant by a Heinzinger TNX900W Transistor-Netzgerät power source

(10). The current is digitally read off a Fluke 175 multimeter (11) and the voltage

over the filaments is monitored by a Keithley datalogger (12). The temperature

of the filaments was measured in vacuum by a two-color Raytek pyrometer for

various DC currents; in Chapter 7 the results are presented. The sample stage,

which is mounted on the side-flange, can be extracted from the reactor to mount

the samples. With a retractable arm (13) a shutter can be placed such that

the substrates are shielded from exposure to the filaments. In this research two

titanium sample stages are used, viz. #1 and #2. The only difference between

the sample stages is the volumes, and hence the masses of the stages. Sample

stage #1 has dimensions of 1.8 cm x 5.5 cm x 10.5 cm, whereas sample stage

#2 has dimensions of 3.6 cm x 10.2 cm x 10.5 cm. This brings about that the

maximum achievable temperatures and the ramp times necessary to achieve these

temperatures, to be described in the next section, differ.

Figures 2.1b) and c) show pictures of the configuration of the interior elements

of the CANTOR; sample stage #2 is shown. During depositions, the vapour

species is collected on various substrates (α) that are placed 1 cm below the

filaments (β) on a titanium sample stage (γ), which can be heated up by three

firerods (δ). The attained temperature is measured by a thermocouple (ε, not

visible) with a feedback loop inside the stage. The temperature of the surface of

the substrates is monitored by an AlCr-NiCr themocouple (ζ). The temperature is

digitally read off a Fluke 77 multimeter (14) with an attached 80TK Thermocouple

module (15). A shutter (η) can be used to define the start and end of a deposition.

After switching on the current through the filaments, the shutter is kept closed

for about 2 min before starting a deposition. The following parameters can be

controlled in the CANTOR: the current through the filaments, the gas flows,

the substrate temperature and the gas pressure. The latter two parameters are

separately treated in the next two sections.

2.1.1 Temperature control

The fire rods inside the sample stage are used to increase the substrate surface

temperature to elevated values. However, also the heated filaments, and although

not employed here, also a plasma can be a source of heat in the CANTOR. Figure
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2.2 shows pictures of sample stage #1 heated by various heat sources.

Figure 2.2: Pictures of the sample stage #1 heated by various heat sources.
Heating by a) filaments and fire rods, b) firerods, c) Ar plasma and d) Ar plasma
and filaments.

The relatively large dimensions of sample stage #2 warrant a temperature ho-

mogeneity measurement. To this end a location on the sample stage #2 is chosen

and is referred to as Lcontrol. A set temperature, called Tset, is chosen and a con-

trol unit with feedback controls the fire rods inside the stage that ramp Lcontrol
(at position B4 in Figure 2.1c)) to Tset. A thermocouple attached to Lcontrol
measures the local temperature, called Tcontrol. Due to radiation losses there is

a difference between the set temperature, Tset, and the actual attained temper-

ature, Tcontrol. For this reason temperature measurements have been performed

for two different set temperatures. Figure 2.3a) shows the results.

For these experiments, the location for Lcontrol, thus where the thermocouple

with feedback loop is located, is at a screw inside the stage at location B4, indi-

cated in Figure 2.1c). In the first measurement the heater was ramped to Tset
= 600 ◦C, and the actual attained temperature Tcontrol was monitored, depicted

by the half-open stars in Figure 2.3a). For this set temperature Tcontrol indeed

attains the value of 600 ◦C. In the second measurement the heater was ramped to

its maximum of Tset = 950 ◦C and Tcontrol was again monitored, depicted by the

closed stars. As can be seen in this case Tcontrol does not reach 950 ◦C, indicated

by the arrows. Due to radiation losses it only reaches a maximum temperature of
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Figure 2.3: Temperature measurements in vacuum of a) sample stage #1 and #2,
b) of sample stage #2 at various locations, which are indicated in Figure 2.1c).

about 850 ◦C. The measurement results shown in Figure 2.3b) depict the tempera-

tures attained at different locations (B7, B8, B2 and B9 as shown in Figure 2.1c))

on sample stage #2 as it is heated to its maximum (Tset = 950 ◦C). The tem-

perature difference that is measured between these locations amounts to 50 ◦C,

which defines the temperature inhomogeneity of sample stage #2. Additionally,

the open stars in Figure 2.3a) represent a series of temperature measurements for

sample stage #1 as it is heated to its maximum (Tset = 950 ◦C).

2.1.2 Pressure control

The pressure is a key process parameter for depositions performed with HWCVD.

In general the pressure in the CANTOR can be controlled by a knob that regulates

a valve by means of which the pumping speed can be adjusted. This way the

pressure can be regulated between 0.013 mbar and around 10 mbar. For the

deposition of carbon nanotubes, the pressure was always regulated to amount to

1.0 mbar.

For the deposition of tungsten oxides, ambient air is used as oxidising gas.

The air pressure in the CANTOR can in that case be regulated in three ways. A

low, medium and a high pressure regime are defined. Figure 2.4 represents the

gas regulation of the CANTOR in a schematic drawing.

For the low pressure regime the air pressure is regulated by a constant pumping

speed and adjusting the ingoing flow of air, whereby a higher flow constitutes a

higher pressure. The mass flow controller allows a maximum of 60 standard

cubic centimeter per minute (sccm) of air. For the medium pressure regime an

automatic valve is closed which makes the outgoing air flow through a bypass
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Figure 2.4: Schematic representation of the gas regulation scheme of the CAN-
TOR. a) Low pressure regime: open/close valve is opened, manual valve is closed.
b) Medium pressure regime: open/close valve is closed, manual valve is com-
pletely opened. c) High pressure regime: open/close valve is closed, manual valve
is partially closed.

with a reduced outgoing air flow capacity; the pressure is then again regulated by

adjusting the incoming flow of air. For the high pressure regime the automatic

valve is closed and the outgoing air flows through a bypass, the pressure in the

CANTOR is then controlled via a knob that regulates a manual valve with which

the pumping speed is adjusted. Figure 2.5 shows the results of measurements

conducted (with three different pressure meters) at room temperature of the air

pressure as a function of air flow in the low and medium pressure regimes.

Figure 2.5: Air pressure dependence on the air flow in the deposition reactor. P1,
P3 and P4 denote different pressure meters. The closed symbols represent the
low-pressure regime, the open symbols denote the medium pressure regime.

As seen in Figure 2.5 in the low pressure regime (closed symbols) adjusting

the air flow allows control over the air pressure from values of 7.5·10−8 to 3.5·10−3

mbar. In the medium pressure regime (open symbols) adjusting the air flow allows



2.2 Material characterisation techniques 27

control over the air pressure from values of 6.0·10−3 to 6.8·10−2 mbar. In the high

pressure regime more elevated pressures are attained of values of 1.3·10−2 mbar

and higher, in practise up to 5 mbar.

2.2 Material characterisation techniques

2.2.1 Scanning electron microscopy

High-resolution scanning electron microscopy (HRSEM) is used in top-view to

image the external top-surfaces of the various deposited thin films and nanostruc-

tures. The edges of fractured substrates with depositions exhibit the internal

structures of the deposited material. By tilting the fractured substrates the inter-

nal structure of various depositions have been imaged. A Philips XL-30 scanning

electron microscope equipped with a Schottky field-emission gun (SFEG) is em-

ployed. An electron beam of an energy of 2 to 30 kV scans the surface to be

investigated. Scanning of the electron beam is carried out by varying the current

through magnetic coils through which the electron beam passes. The electron

beam generates secondary electrons and backscattered electrons.

Secondary electrons

With HRSEM the surface morphology is investigated via the detection of sec-

ondary electrons, Figure 2.6 shows a schematic representation.

Figure 2.6: Schematic representation of the detection of secondary and backscat-
tered electrons in a SEM.

Interaction of the incident electrons of the scanning electron beam with the

electrons of the atoms present in the sample generates secondary electrons. The

intensity of the secondary electrons emitted from the specimen depends on the

angle between the electron beam and the surface hit by the electron beam. More

electrons are emitted when the angle between the electron beam and the surface
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is smaller. The intensity of the secondary electrons therefore indicates the mor-

phology of the surface of the sample being investigated.

An Everhard-Thornly detector is employed in the detection and amplification

of the secondary electron current. With most scanning electron microscopes the

secondary electrons are accelerated by a relatively weak electric field to the detec-

tor; the electric field is weak to prevent an effect on the incident electron beam.

In the XL-30 SFEG a magnetic field is employed to direct the secondary electrons

to the detector. Within the detector the electrons are accelerated by an electric

field of about 2 kV to a fluorescent screen. A light-conducting tube is transport-

ing the light pulses of the fluorescent screen to a photomultiplier, which highly

selectively and rapidly amplifies the resulting current. The light-conducting tube

is employed since the electron multiplier needs a much better vacuum than can

be maintained in the scanning electron microscope.

The diameter of the volume from which secondary electrons are emitted de-

pends on the energy of the incident electrons. Consequently the resolution of the

scanning electron microscope is not only determined by the diameter of the inci-

dent electron beam, but mainly by the diameter of the excitation volume of the

secondary electrons. A lower electron energy leads to a smaller excitation volume

and, hence, a higher resolution. Employing a much lower acceleration energy of

the scanning electron beam calls for a very small distance between the final lens

and the surface of the specimen. The number of secondary electrons that can

reach the detector drops considerably when the working distance, the distance

between the final lens and the sample, is smaller.

The scanning electron microscope used in this work is therefore equipped with

a through-lens detector, an electron detector inserted in the lens. A sufficiently

high intensity of secondary electrons can therefore be measured with a low energy

of the incident electron and a very short working distance. For very high resolu-

tions a low acceleration voltage is therefore used, viz., 2 to 5 kV and a working

distance of less than about 5 mm. The magnetic field that directs the secondary

electrons to the through-lens detector is here essential.

Backscattered electrons

When an incident electron hits an atom of a high nuclear charge and thus of a

high atomic number, it is likely that the electron is returned in the direction of

the incident beam due to the high positive charge of the nucleus without losing

energy. Consequently the electrons are emitted from the surface being investigated

with the same energy as the incident electrons (backscattered electrons). An

electron detector, which rejects electrons of a lower energy, is employed to detect

the backscattered electrons. Since the amplification of this detector generates
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more noise, detection of backscattered electrons calls for a lower scanning rate

of the electron beam. To detect the backscattered electrons with the through-

lens detector a negative potential is applied to the detector. Detection of the

backscattered electrons indicates the positions where heavier atoms are present

in the surface layer of the sample. Figure 2.6 shows a schematic representation of

the detection of backscattered electrons in a scanning electron microscope.

2.2.2 Conventional transmission electron microscopy

A sophisticated transmission electron microscope, a Tecnai 20F, equipped with a

field-emission gun was employed in this work. The microscope was equipped with

facilities to perform beside conventional transmission electron microscopy (TEM),

also SEM and elemental analysis by means of spectroscopy of the emitted X-rays.

The microscope employs electrons of 200 keV.

With conventional TEM a wide electron beam is directed to the specimen. An

aperture installed below the specimen is intercepting the scattered electrons. First

of all the contrast in the image is due to the incoherently scattered electrons, which

is dominated by the nuclear charge of the atoms locally present, the Z-contrast,

and the local thickness of the specimen. Where the specimen is locally thick, the

scattering dominates and no suitable image can be obtained. TEM therefore calls

for specimens of a maximum thickness of about 100 nm, unless only very light

atoms, such as, carbon, oxygen and nitrogen are present.

Dark field

The contrast that is most apparent in the images of crystalline materials is the

diffraction contrast obtained in the dark field mode. Crystallites situated in a

Bragg reflection orientation are scattering thus that the aperture is intercepting

the electrons. Diffraction contrast is evident from the fact that slightly tilting

the specimen brings about that crystallites exhibiting contrast before tilting are

losing their contrast and other crystallites are represented with a high contrast

after tilting. For images at a very high magnification a camera at the bottom of

the electron microscope is employed. Lattice images are obtained by interference

between the directly transmitted and a diffracted electron beam, which generally

calls for removing the objective aperture. Due the elevated coherence of the

electron beam produced by the field-emission gun, lattice images can be readily

obtained. The field-emission gun and the lens system of the microscope can

provide a very narrow electron beam of a diameter of about 10 nm or less. Since

very thin specimens are employed in TEM, the excitation volume is very small,

which leads to a very high resolution.
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Selected-area electron diffraction

With selected-area electron diffraction (SAED) the structure of the crystallites

present in the specimen can be established. An area of the specimen is limited by

insertion of a selected area below the objective lens in the electron microscope. By

decreasing the strength of the lens system and removing the aperture underneath

the specimen an electron diffraction pattern can be recorded. Due to the short

wavelength of the electrons, the crystallographic planes have to be parallel or

almost parallel to the electron beam to get diffraction. The camera length has

been accurately calibrated using a monocrystalline gold film.

2.2.3 Scanning transmission electron microscopy

As with usual SEM an electron beam is scanning over the specimen. To obtain a

very narrow electron beam, part of the objective lens of the transmission electron

microscope is employed to focus the beam. A highly convergent electron beam

results, which brings about that the depth of focus in the scanning mode is lim-

ited. Figure 2.7 shows a schematic representation of the detection of transmitted

electrons.

Figure 2.7: Schematic representation of the detection of transmitted electrons.
The arrows indicated by 1 and 2 represent high-angle scattered electrons used for
HAADF.

A special and highly sensitive detector is employed to detect the electrons

scattered over large angles, viz., a high-angle annular dark-field (HAADF) detec-

tor. A cylindrical hole in a crystal emitting a light pulse where an electron hits

the detector does not affect the transmitted electrons and the diffracted electrons.

Only the electrons scattered over large angles can reach the detector. The light

pulses are amplified analogously as with the usual scanning electron microscopes.

The contrast provided by the HAADF detector is due to the local thickness of the
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specimen and the locations where relatively heavy elements are present. Beside

the HAADF detector images secondary electron images are taken, that comple-

ment substantially the information obtained from the HAADF detector images.

Figure 2.7 shows a schematic representation of the detection of electrons scattered

over large angles used for HAADF.

2.2.4 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is used to perform elemental analysis

on deposited material. X-rays are produced when the electrons of the primary

beam in an electron microscope interact with the inner shell electrons of the

sample. An electron of the primary beam can collide inelastically and knock out

an electron from the inner shell, consequently an outer shell electron falls back

to the inner shell, thus releasing the energy difference as a X-ray photon, the

energy of which is characteristic of the element locally present in the sample. To

prevent the X-ray detector to be exposed to the secondary electrons, the magnetic

field is switched off in the special mode to be employed with elemental analysis.

However, the absence of the magnetic field leads to a considerable attenuation

of the intensity of the secondary electrons. Combination of a high resolution

with elemental analysis is therefore not possible with the XL-30 SFEG. However,

since the Tecnai 20F electron microscope is equipped with facilities to record the

energies of the emitted X-rays, elemental analysis can be performed at the same

very high resolution. A drawback is that the X-rays of a low energy are relatively

strongly absorbed. In front of the surface of the X-ray detector a thin foil has

been installed. To prevent the foil to be pressed against the detector surface when

air is admitted to the electron microscope, a thin grid is mounted in between the

detector surface and the foil. Absorption of the X-rays by the grid brings about

that the intensities of light elements, such as, oxygen and carbon, are relatively

low.

2.2.5 Atomic force microscopy

Atomic force microscopy (AFM) is used to investigate the surface morphologies

of as-formed nickel oxide and annealed nickel oxide thin films and as-deposited

and annealed titanium oxynitride (TiNyOz) thin films. A Digital Instruments

Nanoscope III Multimode (Santa Barbera, CA, USA) scanning probe microscope

equipped with an E scanner (maximum lateral scan size 10 µm, maximum vertical

scan size 2.5 µm) is employed. The tapping mode is used in air and at room

temperature with an OTESPA Si probe (42 N/m, 300 kHz) with a tip radius of

7 nm (max 10 nm). The feedback constants are chosen such that the trace and
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retrace measurements show the same features.

2.2.6 X-ray diffraction

X-ray diffraction (XRD) is used to determine crystalline phases and crystal orien-

tations in deposited material. The crystallographic structures are thus determined

with a powder diffraction setup equipped with a Philips PW 1729 X-ray generator

using monochromatic Cu Kα radiation at a voltage of 40 kV with a current of

20 mA. X-rays are generated by a Cu anode and are focused on the deposited

material where they exhibit Bragg reflection if enough parallel crystalline planes

are present. The intensity of the reflected X-rays is recorded as a function of 2θ;

θ represents both the angle between the sample surface and the beam, and the

angle between the beam and the detector.

2.2.7 Raman spectroscopy

Raman spectroscopy is used to determine the phase composition (crystalline,

amorphous, mixed state) of tungsten oxide materials deposited on glassy car-

bon substrates or Corning 2000 substrates. For the carbon depositions, for which

c-Si substrates are used, Raman Spectroscopy is used to detect the presence of

graphene, which indicates the presence of carbon nanotubes. Monochromatic laser

light is incident on deposited material, whereby most of the light will be elastically

scattered though Rayleigh scattering; the light that is inelastically scattered from

phonons in the material, is recorded by a liquid nitrogen cooled charge-coupled

device (CCD) detector (Roper Scientific). For a Raman active material, the wave-

lengths of the scattered and initial light differ by an amount that is characteristic

for the vibrational energies of the phonons that are created (anti-Stokes scatter-

ing) or annihilated (Stokes scattering) in the material. The recorded spectra thus

reflect the phonon density of states in the material. An Ar laser from Spectra-

Physics and a Spex triple-grating monochromator at an excitation wavelength of

514.5 nm with an intensity of 0.5 W are used. The laser beam is incident on the

sample under an angle of 30◦, the detection occurs perpendicular to the substrate

in a backscattering configuration. The measurements described in this thesis are

performed without a polarising filter in the path of the scattered beam.

2.2.8 Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) is used to quantitatively deter-

mine the amount of atoms, and thus the atomic ratios in NiOx, TiNyOz and

WO3−x thin films. A beam of He+ ions is incident on deposited material. The

elastically backscattered high energy He+ ions are collected by a biased Silicon
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Surface Barrier detector after they scattered off the nuclei present in the material.

The scattered particles contain information about the depth-dependent concen-

trations of the elements in the surface region of the sample [10]. Figure 2.8 shows

a schematic drawing of the set-up configuration for the measurement of RBS.

Figure 2.8: A schematic drawing of the measurement configuration for RBS.

Elements heavier than H can thus be detected. The atomic ratios of the ele-

ments in the material are obtained via X/Y = σY
σX
·NXNY . In which X/Y represents

the atomic ratio of the elements X and Y, σX and σY represent the cross-sections

of the backscattered He+ ions off the nuclei of elements X and Y, respectively. NX

and NY represent the integrals of the energy histogram profiles obtained with the

measurements. The RBS measurements are executed either with 2 MeV He+ ions

from a 3 MV single-ended Van de Graaff ion accelerator or with 1.7 MeV He+ ions

from a 2 MV single-ended Van de Graaff ion accelerator, for both setups detector

angles of 120 and 170◦ are used; for the simulations only the data obtained with

the 170◦ is used. For a detector angle of 170◦ the ratio of the cross-sections [10]

amounts to σW
σO

= 28.797
0.297 .

2.2.9 Ultraviolet to visible spectroscopy

Ultraviolet to visible spectroscopy (UV-VIS) is used to measure total (specular

and diffuse) reflection and transmission of tungsten oxide thin films deposited

on Corning 2000 substrates. From the total reflection and transmission, the ab-

sorption is calculated and from the diffuse and total reflection, the spectrally

resolved haze is calculated. Figure 2.9a) shows a schematic drawing of the set-up

configuration for the measurement of the diffuse transmission.

The haze is defined as the ratio of the diffuse (total transmission minus the

specular transmission) and the total transmission:

H(λ) =
Ttotal(λ)−Tspec(λ)

Ttotal(λ)
=

Tdiff (λ)
Ttotal(λ)

.

In which H(λ) represents the spectrally resolved haze, Ttotal(λ) the total trans-
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Figure 2.9: A schematic drawing of the measurement configuration for diffuse and
total transmission measurements. The schematic is reprinted from ref. 2.

mission, Tspec(λ) the specular transmission and Tdiff (λ) the diffuse transmission.

The reflection, transmission and haze of the depositions are measured using a

Perkin Elmer Lambda 2S double beam spectrophotometer equipped with an in-

tegrating sphere. The Perkin Elmer has a deuterium lamp for UV light and a

halogen lamp for visible and near infrared light. When the specular transmission

is reflected back into the integrating sphere via a tilted back plate, as Figure 2.9b)

shows, the total transmission is obtained. Before each measurement, a calibration

is performed with a barium oxide sample as a 100% reflection reference over the

whole wavelength range. The collection error amounts to about 2.5%, which is

mainly caused by leakage from the opening of the integrating sphere.

2.2.10 Angular resolved spectroscopy

Angular resolved spectroscopy (ARS) is used to determine the scattering proper-

ties of tungsten oxide thin films and nanostructures deposited on Corning 2000

substrates as a function of scattering angle. Figure 2.10 shows the setup configu-

ration.

Figure 2.10: Configuration of the ARS setup used to determine scattering prop-
erties of thin films. The schematic is reprinted from ref. 3.

The setup is home-built at Utrecht University, it uses a HeNe laser beam
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with a wavelength of 632.8 nm under normal incidence. The beam is chopped

and is directed onto the sample under normal incidence. A photodiode is set to

rotate around the center of the sample in certain intervals between 90-180◦. The

scattering intensity is measured by the photocurrent generated by the photodiode.

The polariser is not used.

2.2.11 Reflection and transmission spectroscopy

Reflection and transmission (R/T) spectroscopy is used to obtain the thicknesses

of vapour-deposited nickel films deposited on Corning 2000 substrates. Specu-

lar reflection and transmission measurements are measured using an eta-optik

2C5/HL Mini-RT setup using a spot size of about 1 mm2. Simultaneous mea-

surements of reflection and transmission are performed at the exact same position

on the nickel film. A halogen source is used for the emission of white light that is

focused on the thin film through optical fibers. The reflection and transmission

are recorded by two photodiodes over a wavelength range from 380 to 1050 nm.

For reflection measurements a c-Si wafer is used as a reference, while the trans-

mission is calibrated to the 100% signal that is obtained without a sample. The

measurement analysis software FIRST [11] is used which allows the simulation of

the spectra using a model for the dielectric function of the material. The inter-

band transition model by O’Leary, Johnson, and Lim (OJL) [12] as implemented

in the program SCOUT [11] is used.

2.3 Deposition and characterisation of TiNyOz and

Ni

2.3.1 Deposition of TiNyOz

The carbon nanotubes that are synthesised with nickel in this research are de-

posited on (cleaned) Si wafers. The carbon nanotube synthesis occurs at elevated

temperatures of around 600 ◦C and higher. Since at temperatures above 300 ◦C,

nickel, which is used as catalyst material, forms NiSix [13–16] and loses its cat-

alytic properties, diffusion barrier films, such as, Ti [17, 18], TiN [19–21], W

[17, 22], or SiO2 [17, 23] are often used. In this work, TiNyOz diffusion barrier

films are always used to separate the nickel from the silicon substrates.



36 Experimental Methods

2.3.2 Characterisation of TiNyOz

Atomic composition of the TiN sputter target

A piece of TiN target material was analysed by RBS to determine the atomic

composition of the TiN sputter target. Figure 2.11 shows the measured RBS

spectrum and simulation.

Figure 2.11: RBS spectrum and simulation of a piece of the TiN sputter target. a)
Linear vertical scale. b) Logarithmic vertical scale. The backscattering energies
of He+ ions for several species are indicated.

The figure exhibits energies for 2.0 MeV He+ ions backscattered by the atomic

species present in the target material. The RBS analysis [10, 24] was performed

by simulating the measured spectra using an analysis package called Rutherford

Universal Manipulation Program (RUMP) [25]. The analysis revealed the TiN

sputter target to have an average atomic composition of TiN0.91O0.24. Hence, a

significant amount of oxygen was present throughout the TiN. Furthermore, the

measurement revealed the presence of small amounts of impurities of Zn (1294

ppm), Fe (6041 ppm), Ag (173 ppm) and Pt (86 ppm).

Morphology of sputter-deposited TiNyOz

For the dewetting studies described in this thesis, TiNyOz barrier films of various

thicknesses were deposited on Si wafers. A Material Research Corporation sputter

machine Model SEM-8620 with TiN sputter target was used. For the deposition

reactive radio frequency sputtering in an Ar plasma at a pressure of 5.3·10−3 mbar

and a power density of 2.7 W·cm−2 was employed. It is important that the exter-

nal surfaces of the deposited barrier films are independent of their thicknesses. A

series of TiNyOz barrier films was sputter-deposited on glassy carbon substrates

during 60, 120, 300 and 600 s. Single-side mirror-polished glassy carbon wafers
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of a thickness of 1.0 mm and of a surface area of 1.0 cm2 were employed for their

brittleness, which allows the fractured edges of the films to be readily visualised.

HRSEM was used on the fractured edges to determine the external and inter-

nal morphologies and the thicknesses of the barrier films. Figure 2.12 shows the

results for three representative films.

Figure 2.12: Cross-sectional HRSEM images of TiNyOz barrier films that were
deposited during 60, 120 and 600 s. The thicknesses amount to 25±2 nm, 45±6
nm and 151±14 nm, respectively. The deposited films are indicated by arrows.
The scale bars represent 100 nm.

The HRSEM images reveal a nanoparticle growth structure and for thicker

films a columnar growth structure. The external surface morphologies show

nanograins. This is an important observation, since this indicates that the sizes of

the grains on the external surfaces of the films do not increase significantly as the

films grow thicker. The use of barrier films of various thicknesses for the various

forthcoming experiments is herewith justified.

2.3.3 Deposition of Ni

For the sputter-deposition of nickel films the same sputter machine and sputter

conditions are used as employed for the TiNyOz barrier films. Two series of nickel

films were prepared on silicon wafers. The silicon wafers are single-side mirror-

polished with the (100) crystalline orientation with a thickness of about 525 µm

and of a surface area of about 78 cm2. First, to remove native oxides the silicon

wafers were cleaned using a 1.0% hydrofluoric acid solution in de-ionised water

during 1.0 minute. The first series (#1) of nickel films was deposited using thermal

evaporation on a thick TiNyOz barrier film. After deposition of the barrier film,

an area of 5 cm x 5 cm in the center region of the silicon wafer (where the

deposition occurs homogeneous) was cut into samples of an area of 1 cm x 1 cm.

Each sample of c-Si/TiNyOz was used to deposit nickel of a certain thickness.

Hence, a series of nickel films of various thicknesses was deposited on the same

barrier film. The second series (#2) consists of sputter-deposited ultrathin nickel

films on several thin TiNyOz barrier films. After deposition of a barrier film, a
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nickel film was deposited of a certain thickness and was exposed to ambient air at

room temperature for several days. This brings about the oxidation of the nickel

films. Hence, a number of silicon wafers with different TiNyOz/NiOx film stacks

are obtained. Each of the wafers was cut into samples of an area of 1 cm x 1 cm.

2.3.4 Characterisation of thin film series #1: Si/TiNyOz/Ni

The first series of nickel films, viz. series #1, was prepared on a thick TiNyOz

barrier film, viz. barrier film #1. The composition of this barrier film was de-

termined by RBS. The RBS analysis [10, 24] was performed by simulating the

measured spectra using RUMP [25]. Figure 2.13 represents the RBS energy pro-

file (symbols) and the simulation (solid line). The figure exhibits energies for 2.0

MeV He+ ions backscattered by the atomic species present in the barrier film.

Figure 2.13: RBS spectrum (symbols) and simulation (solid line) for a TiNyOz

barrier film (#1) deposited during 600 s. The backscattering energies for the
surface elements N, O and Ti are indicated.

The average atomic composition of the barrier film was determined to be

TiN0.5O0.9 with a total of (1046 ± 50)·1015 atoms·cm−2. The thickness of the

barrier film was measured by HRSEM on the fractured edge to amount to about

120 ± 10 nm, not shown.

For the vapour-deposition of the thin nickel films, small pieces were cut from

a nickel wire and placed inside a coiled tungsten filament, which was resistively

heated in a high vacuum of 1.0·10−5 mbar. Various amounts of nickel were

weighted and used for the vapour-deposition of nickel thin films. The thicknesses

of the deposited films were determined by optical R/T1 measurements. The sim-

1To allow for optical measurements, Corning 2000 glass substrates were used for the nickel
depositions in addition to the c-Si/TiN0.5O0.9 substrates.
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ulation results are not shown here. Figure 2.14 represents the results from the

optical analyses.

Figure 2.14: Results from R/T measurements. Film thickness as a function of
nickel mass used for the vapour-deposition of nickel thin films.

From these nickel depositions a number of films was selected for experiments

that are subject to this thesis. The nickel films of thicknesses of 2.4, 6, 13, 20 and

24 nm are denoted as series #1 and are used in dewetting experiments of nickel

films in atomic hydrogen, described in Chapter 4. The numerical data for series

#1 and the barrier film #1 used are summarised in Table 2.1.

series #1

Material sputter time N σN d σd
Ni — — — 2.4, 6, 13, 20, 24‡ 1

TiN0.5O0.9 (#1) 600 1046 50 120† 10

series #2

Material sputter time N σN d σd
NiOx 1, 5, 10, 20 4, 24, 39, 84 2 0.4, 2.6, 4.3, 9.2& 0.2

TiN1.4O3.5 (#2) 60 79 5 19† 1

NiOx 2 12 2 1.3& 0.2

TiN1.8O1.2 (#3) 63 158 10 25† 6

NiOx 3 14 2 1.5& 0.2

TiN1.5O1.6 (#4) 60 110 10 33† 3

Table 2.1: Numerical results for the catalyst and barrier films. N, σN = number
of atoms, error in N (in 1015 atoms·cm−2); d, σd = thickness, error in thickness
(in nm); ‡Determined by R/T. &Determined by RBS. †Determined by HRSEM.
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2.3.5 Characterisation of thin film series #2: Si/TiNyOz/NiOx

The second series of nickel films, viz. series #2, was sputter-deposited on several

thin TiNyOz barrier films, viz. barrier films #2, #3 and #4. After deposition, the

films were exposed to ambient air at room temperature for several days, which

brought about the oxidation of the nickel top-films. The compositions of the

barrier films and the thicknesses of the NiOx films were determined by RBS.

The thicknesses of the barrier films were measured on the fractured edges with

HRSEM, not shown. The measured RBS spectra were simulated using an analysis

package called Simulation of Nuclear Reaction Analysis (SIMNRA) [26]. Figure

2.15 represents the RBS energy profiles (symbols) of the films and the simulations

(solid lines). For each spectrum the period of time of the nickel deposition on the

barrier film is shown.

Figure 2.15: RBS spectra (symbols) and simulations (solid lines). For each spec-
trum the sputter time of the nickel deposited on it is shown and the barrier film
number is indicated. The backscattering energies for the surface elements N, O,
Ti and Ni are indicated.

Unfortunately, it was not possible to accurately distinguish between the oxygen

in the NiOx films and the oxygen in the TiNyOz barrier films due to the very small

thicknesses of the NiOx films and due to the relatively low backscattering cross-

sections of N and O. For the simulations it was therefore assumed that all oxygen

resided in the barrier films, which is justified since the NiOx films are much thinner

than the barrier films. For the deposited nickel films, sputtered during 1, 5, 10

and 20 s, a single barrier film, i.e. barrier #2, was used. For the deposited nickel

films, sputtered during 2 and 3 s, two different barrier films, viz. #3 and #4,

respectively, were used. The RBS analyses, shown in Figure 2.15, revealed that

the barrier film compositions changed slightly for different samples from the same
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Si wafer (with the same TiNyOz but with different NiOx). The most reliable

results obtained from the RBS analyses are shown in Table 2.1. The thicknesses

of the equivalent nickel top-films were calculated by assuming a mass density of

bulk nickel, viz. 8.9 g·cm−3. The obtained thicknesses of the (oxidised) nickel

films from the RBS analyses in this series are shown in Figure 2.16.

Figure 2.16: Nickel areal atom density and nickel film thickness as a function of
sputter time.

The measured Ni areal atom densities and film thicknesses are shown as a

function of the sputter time. For the films sputtered during 2, 3, 5, 10 and 20

s a linear relation is observed, which indicates a constant deposition rate for the

nickel films. The thicknesses of the films amount to 0.4, 1.3, 1.5, 2.6, 4.3, and

9.2 nm, respectively. The deposited nickel films had, after oxidation, a smooth

surface morphology except for the film deposited during 1 s, which resulted in

a submonolayer of NiOx of 0.4 nm, which was discontinuous and comprised of

irregular polydisperse islands; this film was excluded from further study. The

films of series #2 are used in dewetting experiments that are described in Chapter

4. Several samples with the film of a thickness of 1.5 nm are used in an extensive

dewetting study described in Chapter 5. The films of a thickness of 1.5 nm and

9.2 nm are used for the synthesis of carbon nanotubes, which is also described in

Chapter 5.
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CHAPTER3

Periodic Nickel Nanoparticle Arrays Through
Colloidal Nanosphere Lithography

In this chapter hexagonal arrays of monodisperse nickel nanoparticles are pre-

pared with a substrate patterning technique. The obtained particle arrays are used

in experiments to be described in Chapter 10. In the technique self-assembled

monolayers of SiO2 colloids are used as a mask for the deposition of thin nickel

films. The sizes of the holes in the mask have been reduced by flattening the

colloids by ion beam irradiation. The reduction of the hole sizes in the mask is

studied as a function of the ion fluence.

3.1 Introduction

In the early 1980s Fischer and Zingsheim [27] pioneered with a bench-top tech-

nique to create large areas of periodic particle arrays on a substrate. Shortly

thereafter Deckman and Dunsmuir [28] reported new methods for the fabrication

of both randomly and regularly arranged monolayers of particles. The authors

denoted the technique as natural lithograpy. Hulteen, Van Duyne and Burmeis-

ter [29, 30] further developed this technique into what is now a second generation
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lithography technique called nanosphere lithography. In nanosphere lithography,

a solution with mono-disperse spherical colloids is applied onto a specially pre-

pared flat substrate and allowed to self-organise into mono or multiple layers of

colloids. The work described here is limited to the use of monolayers of colloids.

In the simplest scenario of nanosphere lithography a monolayer of hexagonally

close-packed nanospheres is self-assembled onto the substrate. The colloids are

used as a mask for the deposition of e.g. a metal film. Subsequently, the colloids

are removed by sonication and a periodic array of prism-shaped particles is left

on the substrate. The size of the holes in the mask determines the size of the

nanoparticles in the array. The size of the colloidal particles controls the inter-

particle distance. Also the fixed distance between the nanoparticles is determined

by the colloid size. Thus the nanoparticle arrangement is predetermined by the

colloid lattice.

Typical dimensions of metal particles of periodic particle arrays are 100 nm

and larger. Developments in nanotechnology demand the fabrication of nano-

structures with features in the 1-100 nm size range. Micheletto et al. [31] have

managed to prepare monolayers of colloidal particles of a size down to 42 nm in

stripes of 10-20 µm and several mm’s long. However, they did not create periodic

arrays of metal particles from the ordered layers of colloidal particles. In prin-

ciple, it should be possible to produce periodic arrays of particles as small as 6

to 7 nm (after annealing). Dimitrov and Nagayama [32] suggested an approach

that shows perspectives for industrial applications, which yields arrays of a size

of some cm2. It would be interesting to combine the above techniques.

In the work to be presented here a different approach was chosen to decrease

the sizes of the particles in the arrays. Ion beam modification was employed to

investigate the extent to which the size of the interstices in colloidal masks can be

decreased by varying the fluence. During irradiation of silica colloids by ions of

an energy of the order of 1 MeV, the electronic energy loss of the incoming ions

induces an anisotropic deformation of the silica spheres. The spheres broaden in

a direction perpendicular to the ion beam and contract parallel to the ion beam.

It has been shown [33–37] that colloidal silica particles deform easily when bom-

barded by swift heavy ions of a suitable stopping power, i.e., electronic energy

loss per unit path length. In the work of this thesis a colloidal template of silica

colloids of a diameter of 1400 ± 20 nm was irradiated with either 30 MeV Si5+

or 6 MeV Ag3+ ions, which have stopping powers of 3.3 keV and 2.0 keV/nm in

silica, respectively. Due to the lateral expansion of the silica particles the inter-

stices between the particles are smaller and, hence, the nickel particles that reside

after removing the colloids are smaller too.

For the work described here, several colloidal masks were prepared with col-

loids of a diameter of 1400 ± 20 nm. Two masks were used to prepare a periodic
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particle array using a nickel film of a thickness of 20 nm and using a nickel film of

a thickness of 2.4 nm. After each step in the preparation sequence of the particle

array with the 20 nm nickel film, high-resolution scanning electron microscopy

(HRSEM) was performed to visualise the nanosphere lithography procedure. The

array with the 2.4 nm nickel film is used in an experiment described in Chapter

10. The colloidal masks are furthermore used for the ion beam irradiation ex-

periments. The reduction of the hole sizes due to the irradiation procedure are

measured using HRSEM.

3.2 Experimental

3.2.1 Mask preparation

As substrates c-Si (100) wafers with a TiN0.5O2 barrier film are used which are

cut into samples of surface areas of 1 cm x 1 cm. A barrier film is employed to

prevent the formation of nickel silicides (NiSix) when the nickel particle arrays

are processed at elevated temperatures, since NiSix formation already proceeds

at temperatures above 300 ◦C [13–16]. The atomic composition of the barrier

film was determined by Rutherford backscattering spectrometry (not shown). A

treatment of the substrate surface with chromium sulfuric acid (2-5% Na2Cr2O7 in

∼90% H2SO4) promotes the hydrophylicity of the surface. An ethanol suspension

(∼13 µl) of colloidal silica particles (0.69 wt%) of diameters of 1400 ± 20 nm is

drop cast onto each sample, the ethanol is allowed to evaporate slowly by placing

the samples in a closed compartment and letting the substrate rest on a slightly

tilted underground. In this way the colloids self-organise into a monolayer of

colloids. This approach is similar to that reported by Micheletto et al. [31]. All

colloids used in this work are synthesised by the Soft Condensed Matter group

from the Debye Institute for Nanomaterials Science led by Prof. A. van Blaaderen.

3.2.2 Preparation of a periodic particle array

The colloidal mask with colloids of a diameter of 1400± 20 nm was used to prepare

a periodic array of nickel prisms using an evaporated nickel film of a thickness

of about 20 nm. The periodic particle array of nickel prisms was annealed at a

temperature of about 750 ◦C in a flow of 100 sccm H2 of a pressure of 0.24 mbar

using a filament current of 8.0 A during 30 min to deform the prisms into rounded

particles.

The colloidal deposition mask with colloids of a diameter of 1400 ± 20 nm was

also used for ion beam experiments using swift heavy ions. A beam of 30 MeV

Si5+ and a beam of 6 MeV Ag3+ were used. The ion beams were generated in
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the last ever to be produced functional beams by the 6.5 MV EN Tandem van de

Graaff accelerator of Utrecht University. The samples were mounted on a copper

block kept at 90 K, the irradiation was at normal incidence. After the irradiation

the masks were imaged using HRSEM.

The procedures of the substrate cleaning, the deposition of the barrier film

and the deposition of the nickel film are described in Chapter 2, section 2.3. The

descriptions of the characterisation setups are provided in Chapter 2, section 2.2.

3.3 Results

3.3.1 Formation of monodisperse nickel nanoparticles with

colloidal nanosphere lithography

The colloids are used as a mask for the deposition of thin nickel films. Figure

3.1a) shows a colloidal template that consists of a monolayer of SiO2 colloids.

Figure 3.1: HRSEM top-view images a) of a monolayer of SiO2 colloids of a diam-
eter of 1400 ± 20 nm, b) after subsequent deposition of a nickel film of a thickness
of about 20 nm, c) of a periodic particle array of prisms after removing the col-
loids and d) a periodic particle array of rounded nickel dots after an annealing
treatment. The scale bars represent 1 µm.

Figure 3.1b) shows the colloidal template after deposition of a nickel film of

a thickness of about 20 nm. The typical defect-free monolayer areas that were

created in this study amounted to about 20 µm x 20 µm. The three-fold inter-

stices between the colloids allow the metal vapour to reach the substrate, forming
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in-plane triangular-shaped nanoparticles with hexagonal symmetry with an inter-

particle distance determined by the projection of the nanosphere mask interstices

onto the substrate. Figure 3.1c) shows a periodic array of triangular-shaped nickel

particles (prisms) after removal of the monolayer of SiO2 colloids by sonication.

Generally, the height of the prisms equals the thickness of the evaporated film.

This was verified for the film used in the work presented here using atomic force

microscopy, not shown. Figure 3.1d) shows the periodic particle array after an

annealing treatment to deform the particles into rounded dots. The lateral size

a of the prisms that are created by the hexagonally ordered nanosphere mask,

are dependent on the colloid size D via the geometric relation (3.1), whereby the

variation in a is caused by a variation in D [38]. The inter-particle distance s is

related to the colloid size via relation (3.2).

a = (
√

3− 3
2 )D with σa = σD (3.1)

s = D√
3

(3.2)

Figures 3.2a) and b) show a periodic particle array with the symbols a, s, D and

d denoted in it.

Figure 3.2: a) HRSEM titled top-view image of a nickel prism array formed by
nanosphere lithography. The size of a prism is denoted by a, the inter-particle
distance with s and the colloid size with D. b) HRSEM top-view image of a nickel
nanoparticle array formed after annealing a nickel prism. The size of a particle is
denoted by d.

For the periodic particle array of prisms shown in Figure 3.1c) the size of the

prisms was determined by HRSEM and amounted to a = 335 ± 20 nm. This

experimental result is expected from the geometrical relation (3.1) from which a

= 325 ± 20 nm is obtained for such colloids. An anneal treatment deforms the

prisms into rounded dots with a diameter of d = 233 ± 22 nm, shown in Figure
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3.1c). Figure 3.2 shows a representative example of how the nickel prisms deform

into rounded dots. If it is assumed that the prisms have a triangular base and a

height h, and that the annealing does not affect the height, the lateral size of the

particle after annealing can be readily calculated. For a cylindrical, spherical or

ellipsoidal particle with base diameter dc, diameter ds and minor and major axes

de, respectively, the calculated lateral sizes are given by (3.3).

dc = 2a√
π
√
3
, ds = 3

√
6a2h
π
√
3

and de =
√

6
π
√
3
a (3.3)

In practice the measured particle sizes deviate from what is expected from the

relations. The particle sizes can match the expected values if the particle height

is not assumed constant. Numerous measurements on particles shows that the

size d amounts to about 60 to 70% of the value of a.

3.3.2 Ion beam modification of monolayer colloidal SiO2 de-

position masks

Figure 3.3 shows HRSEM top-view images of the SiO2 colloidal mask after irra-

diation with swift heavy ions to flatten the colloids.

Figure 3.3: a)-d), h) HRSEM top-view images of a monolayer mask of SiO2

colloids irradiated by swift heavy ions of various fluences. e)-g) HRSEM top-view
images of periodic particle arrays created with use of the modified masks. The
contrast in image b) is due to charging of the colloids by the electrons of the
microscope. The scale bars represent 1 µm.

It is observed that as the fluence increases (from left to right in the figure), the

sizes of the holes in the colloidal mask decrease. After deposition of a metallic film,
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the sizes of the nanoprisms in the periodic particle array are smaller accordingly,

as Figures 3.3e)-g) show. Vossen et al. [37] have shown that the silica colloidal

mask hole size decreases with the ion fluence for 4 MeV Xe4+ ions. The stopping

power of those ions in silica amounts to 1.5 keV/nm. To quantitatively correlate

the ion fluence to the mask hole sizes in this work, a deposition mask of 1400 ±
20 nm colloids was irradiated by 6 MeV Ag3+ ions, afterwards the sizes of the

hole masks were determined using HRSEM. Figure 3.4 shows the measurement

results.

Figure 3.4: The mask hole size as a function of the irradiation fluence. The insets
show HRSEM images of the monolayer mask after irradiation. The scale bars
represent 1 µm.

The mask hole size can be well controlled by the fluence for relatively low

fluences. In the current work it appeared not feasible to create very small hole

sizes, with features below 100 nm. However, by performing more measurements

using fluences in the range of 7-8·1014 ions·cm−2, this should be achievable. Al-

ternatively, colloidal masks with colloids of a smaller diameter could be used in

combination with the ion irradiation. As mentioned previously, the nanoparticles

become 30-40% smaller when they undergo an annealing treatment. Using the

smallest mask hole size achieved of about 100 nm in the ion beam experiments,

nanoparticles with diameters in the range of about 50-80 nm were obtained; this

is shown by Dawi et al. [39].1

1Dawi collaborated with the author regarding some of this work with colloids. Some of the
images shown in Figures 3.1, 3.3 and 3.4 are shared and also appear in his PhD thesis.
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3.4 Conclusions

The nanosphere lithography technique was used to create silica colloidal mono-

layer deposition masks with typical defect-free monolayer areas of about 20 µm x

20 µm. Periodic particle arrays of nickel prisms were produced with a lateral size

of the prisms of a = 335 ± 20 nm and a height of about 20 nm. Such a particle

array (with a prism height of 2.4 nm) will be used in an experiment described

in Chapter 10. After an annealing treatment the diameter of the particles in the

array, with the 20 nm nickel film, amounted to d = 233 ± 22 nm. Ion beam mod-

ification was used in combination with nanosphere lithography to reduce the size

of the nanoparticles that can be created. Irradiation of the colloidal templates

with 6 MeV Ag3+ ions using various fluences, yields a correlation between the ion

fluence and the mask hole size. Using these results periodic particle arrays with

nanoparticle sizes have been obtained in the 50-80 nm range.



CHAPTER4

Dewetting of Thin Nickel Films in Atomic
Hydrogen and Ultrathin Nickel Oxide Films in

Nitrogen/Air

This chapter deals with a study on the dewetting of thin nickel films for the prepa-

ration of catalyst nanoparticles. Random arrangements of self-assembled nickel

and nickel oxide nanoparticles are obtained by annealing pure (oxygen-free) thin

nickel films in a hydrogen environment and ultrathin surface-oxidised nickel films

in a N2/air environment, respectively. The thermal treatments cause energetic

instability which leads to dewetting of the thin films. In the case of metallic nickel

the rapid migration of nickel species over the substrate results in nanoparticles

of a large size distribution. The annealing in N2/air is performed to investigate

whether it is possible to reduce the mobility of the migrating species, such that

their size distribution can be kept small.
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4.1 Introduction

Nanomaterials with high aspect ratios are attracting much attention because of

the versatility of their unique mechanical, optical, magnetic and electronic prop-

erties and the applicability in nanoscale science and technology [7, 40–42]. For the

synthesis of nanomaterials of a high aspect ratio, catalytic nanoparticles are often

required as growth catalyst or initiator. The examples are numerous; for example

for the growth of silicon nanowires [43, 44], carbon nanotubes [17–20, 22, 45–

49], and tungsten nanowires [50], catalytic nanoparticles of nickel can be used.

The distribution of nanostructures that are synthesised with initiator particles,

depends largely on the distribution of the catalytic particles. In several stud-

ies [17, 45, 51–55] it has been shown that the diameter and density of carbon

nanotubes are linearly related to the diameter and surface-density of the catalytic

nanoparticles. The sizes of the particles should be around 100 nm or less for a

good catalytic activity for the synthesis of carbon nanotubes [56–58]. The lit-

erature does mention, however, that with hot-wire chemical vapour deposition

(HWCVD) graphitic carbon nanotubes of 110 nm width can be synthesised [59]

and with thermal CVD, carbon nanotubes [22] and carbon nanofibers [60] with

large outer diameters ranging from 5-350 nm and 50-500 nm, respectively.

An attractive carbon nanotube synthesis procedure is CVD, which uses heat

[22, 23, 60–64], a plasma [17–19, 21–23, 45, 65], hot filaments [21, 59, 66–70], or

a combination of plasma and hot filaments [20, 48, 49, 71–74] to decompose the

carbon-delivering gas molecules, either in the gas phase or on the surfaces of the

nanoparticles. In a typical synthesis process of carbon nanotubes, a substrate

with a previously deposited thin film of a transition metal is introduced into a de-

position reactor. When the metal film has been deposited in a different reactor, as

is usually the case, the surface layer of the film will oxidise during the transport to

the reactor used for the carbon nanotube synthesis. Then, a reduction procedure

is necessary to reduce the metal surface-oxide and thus induce the activity of the

catalyst. When a nickel film is used, the literature reports that hydrogen is often

used for the reduction of the nickel [17, 19–21, 23, 59, 60], which is performed

simultaneously with an annealing treatment to break up the thin nickel film into

the nanoparticles that are the catalytic sites for the growth of carbon nanotubes.

This break up of a thin film upon annealing is called dewetting or agglomera-

tion. It is a process that is induced at the grain boundaries between the metal

crystallites and results in nucleation of voids that increase in size and coalesce,

which consequently results in the formation of metal islands. The annealing of a

thin metallic film on an inert amorphous substrate can lead to thermal instability

at temperatures well below their melting point. As sufficient activation energy

is provided the thin film consequently breaks up into small islands. This is, for
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example, observed for nickel [17, 75–77], silver [78], silicon [79], cobalt [45, 80],

copper [81] and gold films [82]. In microelectronics industry dewetting is an un-

desired effect responsible for breaking of electrical interconnects. In other fields

it is used as a simple means to obtain nanosized islands of a particular metal,

for instance, for the growth of carbon nanotubes using nickel [17–20, 22, 45–49].

Dewetting occurs when the film/substrate system is unstable and the total system

energy tends to minimise driven by differences in free energies of the film surface

and the film/substrate interface. In 1957 Mullins [83] identified the origin of the

behaviour of dewetting in the presence of grain boundaries. The phenomenon is

known as thermal grooving or grain boundary grooving. Along the boundary of

two adjacent material grains the free surface forms a depression, which results

in the tendency of grooving of the free surface of the film. Figure 4.1 shows a

schematic representation of a depression at the boundary of two grains as pre-

sented in the original paper of Mullins.

Figure 4.1: Representation of a depression in a material film at the boundary of
two grains indicated by the dashed square. Adopted from Mullins’ original paper.

Triple junctions formed by three adjacent grains, are thus preferential sites for

void formation, which occurs when the thin film is annealed. Upon further an-

nealing the voids grow in dimensions, thereby partially uncovering the substrate.

The voids eventually coalesce and the material on the substrate shows islanding

through surface diffusion, thereby forming irregular shaped islands or particles.

This standard model is usually adopted to explain dewetting phenomena [77, 84–

87]. Very recently, Luber et al. [87] reported on the solid-state dewetting of

ultrathin nickel films on amorphous SiO2. In the dewetting process they observed

the sequential processes of grain growth, grain boundary grooving, hole growth,

and particle coarsening.

As observed in the literature the annealing of thin nickel films results in dewet-

ting into nanoislands or nanoparticles [17, 75–77]. The resulting metallic nickel

particles are mobile over the smooth surface of the substrate. The migration of



56 Dewetting of Thin Nickel Films in Atomic Hydrogen and . . .

the particles over the substrate and the coalescence of contacting nickel particles

result in aggregation of nickel islands that increase in size with the thickness of the

initial nickel film. Since the process involves migration of nickel particles, longer

annealing times lead to an increase in the average particle dimensions. Before

the nickel islands become too large (around 100 nm [56–58]), the synthesis of the

carbon nanotubes must take place, otherwise the catalytic function of the nickel

is reduced. It is obvious that in this way it is difficult to control the size of the

nickel particles and their distribution on the substrate, and hence also that of,

e.g., carbon nanotubes synthesised from the particles.

Oxidation of the surface of nickel particles strongly reduces the mobility of the

nickel surface atoms and, hence, the mobility of the nickel particles. In this work

pure and oxidised thin nickel films were dewetted on TiNyOz barrier films with

the aim to obtain suitable catalyst particles for the growth of graphitic carbon

nanotubes, the discussion of which is presented in Chapter 5. It is investigated

whether the mobility of the nickel particles that result from dewetting can be

reduced by oxidising the nickel. Hereto, oxygen-free nickel films and surface-

oxidised nickel films were annealed in hydrogen and N2/air, respectively. First,

a series of nickel films of thicknesses of 2.4, 6, 13, 20 and 24 nm was deposited

on a TiN0.5O0.9 barrier film which is carried by a Si wafer (series #1). The

deposition and characterisation of the film stacks of series #1 are provided in

Chapter 2, section 2.3.4. The samples with the film stacks were annealed simulta-

neously in a flow of atomic hydrogen of subatmospheric pressure. The hydrogen

flow is employed to remove oxygen taken up by the nickel films during exposure

to atmospheric air. After the annealing treatment the morphologies of the films

were studied using high-resolution scanning electron microscopy (HRSEM) and

the particle dimensions were established. Second, a series of ultrathin NiOx films

of thicknesses of 1.3, 1.5, 2.6, 4.3, and 9.2 nm was prepared on several TiNyOz

barrier films (series #2), which are deposited on Si wafers. Chapter 2, section

2.3.5 presents the deposition and characterisation procedures of the film stacks of

series #2. The samples with the film stacks were annealed simultaneously in a

N2/air environment of atmospheric pressure at two different temperatures. After

the annealing treatments the morphologies of the films were studied using atomic

force microscopy (AFM) and the particle dimensions were obtained.

4.2 Experimental

4.2.1 Dewetting conditions of thin film series #1

For the study on the dewetting in atomic hydrogen, the samples of series #1

were placed in the CANTOR vessel on a sample stage (stage #1, described in
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Chapter 2, section 2.1.1). After evacuating the vessel, a very high vacuum of

1.0·10−7 mbar is reached. Then a flow of H2 was introduced of a pressure of

0.24 mbar. A direct current (DC) of 8.0 A through the filaments was employed

to dissociate the H2 into atomic hydrogen. A DC current of 8.0 A results in a

filament temperature of 2160 ◦C in vacuum, this is shown in Chapter 7, which is

higher than the temperature of 1360 ◦C needed for dissociation [88]. The sample

stage was ramped in the hydrogen environment to a temperature of 900 ◦C and

was kept at this temperature for 15 min. After the annealing procedure the

samples first cooled for 30 min in molecular hydrogen and subsequently further

to room temperature in a very high vacuum (10−7 mbar). Figure 4.2 shows the

temperature of the sample stage during the dewetting procedure in hydrogen.

Figure 4.2: Measurement of the temperature of a Si substrate during the dewetting
process of series #1 in atomic hydrogen of a pressure of 0.24 mbar. Indicated are
the moments in time when the filament current and H2 flow were employed and
deployed.

Temperature measurements, not shown, reveal that the substrate surface tem-

perature of a Si substrate (measured with a thermocouple at the surface of the

substrate) is about the same as that of the sample stage (measured with a thermo-

couple inside the stage). The annealing temperature in this experiment amounted

to 900 ◦C and the annealing time amounted to 15 min. However, the ramp-up

time and ramp-down time can both be of influence. After the annealing treatment

the surface morphologies of the nickel films and of the TiN0.5O0.9 were established

ex situ using HRSEM. For the barrier film this was also performed before the an-

nealing to verify if the morphology of the barrier film does not change significantly

upon annealing.
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4.2.2 Dewetting conditions of thin film series #2

For the study on the dewetting in N2/air, samples of series #2 were placed in

a tube oven. Different samples with the same film stacks were exposed in two

separate experiments to a temperature of 500 and 700 ◦C for an annealing period

of 15 minutes in N2/air of atmospheric pressure. In each experiment the samples

were brought to the desired temperature ”instantaneously” by introducing them

in the preheated tube oven. The tube oven is operated at atmospheric pressure

and is flushed with nitrogen, however, it is expected that some oxygen (air) will

be present with the nitrogen. The samples also rapidly cooled by extraction from

the oven and exposure to ambient air. The surface morphologies of the ultrathin

NiOx films were established ex situ after the annealing treatments using AFM, as

well as that of a representative barrier film before and after the annealing.

4.3 Results and discussion

4.3.1 Dewetting of Ni thin films in atomic hydrogen

After the annealing in atomic hydrogen of the films of series #1 at 900 ◦C for 15

min, the external surfaces of the film stacks were studied by HRSEM. Figure 4.3

shows the results.

Figure 4.3: Top-view HRSEM images of the external surfaces of a) the barrier
film before annealing, b) after annealing, c)-f) of the TiN0.5O0.9/Ni film stacks
after annealing series #1 at 900 ◦C for 15 min in atomic hydrogen. The initial
film thicknesses are indicated. The scale bars represent 500 nm.
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It is observed that the external surface morphology of the TiN0.5O0.9 barrier

film does not change significantly during the annealing, as comparison of Figures

4.3a) and b) shows. For the film stacks, shown in Figures 4.3c)-f), it appears

that the result of the annealing is the dewetting of the nickel films, which brings

about formation of isolated nickel islands. The areas between the islands reveal

the structure of the barrier film. The dewetting yields a broad distribution of

particle dimensions, even for films with an initial thickness as small as 2.4 nm.

After the films cooled to room temperature, the lateral sizes of the Ni islands

were determined using HRSEM. Figure 4.4 shows the measured average lateral

dimensions with the observed variations as a function of the initial thicknesses of

the films.

Figure 4.4: HRSEM measurement results of average lateral dimensions and the
variation therein of nickel islands as a function of the initial film thickness after
annealing series #1 at 900 ◦C for 15 min in atomic hydrogen.

The average lateral dimensions of the observed polydisperse nickel islands are

observed to be proportional to the initial film thicknesses. These observations

are consistent with the results found by Chhowalla et al. [17], Geissler et al. [75]

and Lee et al. [76] for the dewetting of thin nickel films, and with the results

found by Bower et al. [45] for the dewetting of thin cobalt films. In the literature

it is reported that for increasing annealing temperatures, the observed particle

dimensions increase [47, 75], or first exhibit an increase and subsequently a small

drop [76]. Since the dewetting process involves particle migration, for longer

annealing times the average particle dimensions also rise. In the work presented

here it is observed that for smaller nickel thicknesses, the average island sizes are
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smaller but the decrease in island size with decreasing initial film thickness does

not continue for very small thicknesses. Furthermore, the variation in observed

island dimensions also does not decrease for smaller initial thicknesses. Hence,

with the deposition and annealing of metallic nickel films it is difficult to control

the size of the resulting nickel particles and their distribution on the barrier film.

4.3.2 Dewetting of ultrathin NiOx films in N2/air

A second series, consisting of ultrathin nickel films was prepared, viz. series #2,

which were surface-oxidised by exposure to air for several days. After the an-

nealing the films at 500 ◦C for 15 min in N2/air of atmospheric pressure, the

morphologies of the surfaces of the film stacks were investigated by AFM. Figure

4.5 shows the results.

Figure 4.5: AFM images of the TiNyOz/NiOx film stacks with NiOx films of vari-
ous thicknesses, indicated in the Figure, a) before annealing, b)-f) after annealing
at 500 ◦C for 15 min in N2/air.

Figure 4.5a) shows the morphology of the surface of a representative as-

deposited NiOx thin film of series #2. It is observed that the film is not atomically

smooth, which is well known for polycrystalline films. The films of this series, how-

ever, are surface-oxidised, but still show grains that meet the free surface. For the

film stacks with ultrathin NiOx films of thicknesses of 1.3 and 1.5 nm, separated
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islands are observed after the annealing. The islands contain Ni, whereas the

areas in between the islands are free of nickel. This will be shown explicitly in

Chapter 5 for the film of a thickness of 1.5 nm. From Figure 4.5c) it appears that

the surface morphology of the barrier film remains very smooth upon annealing

at 500 ◦C. For the NiOx films of thicknesses of 2.6, 4.3 and 9.2 nm the island sizes

that are observed are not larger, but appear to be smaller than those obtained

for the ultrathin films, in contrast with the behaviour observed upon annealing

of metallic films in hydrogen, shown in the previous section. Furthermore, no iso-

lated islands are observed; instead clusters of NiOx are found that self-arranged

in chains over the substrate. Upon close inspection the arrangement of the NiOx

over the substrate resembles that of metallic nickel films dewetted at a low tem-

perature of 400 ◦C [89]. The dewetting appears to be incomplete. The presence of

oxygen with the nickel, indeed, as was the motivation of these experiments, brings

about the reduced mobility of the nickel. The result is incomplete dewetting. For

films of a thickness of 1.5 nm and smaller, isolated particles are obtained that

appear to be very monodisperse. These particles exhibit a larger monodipersity

that what is to be expected based on the results for metallic Ni particles shown

in Figure 4.4.

To verify whether an increase of the annealing temperature results in more

complete dewetting of the films of thicknesses of 2.6, 4.3 and 9.2 nm and ad-

ditionally, to verify whether the particles observed in Figure 4.5c) will exhibit

increased mobility, the annealing experiment was repeated using different sam-

ples (with the same TiNyOz/NiOx film stacks) with an annealing temperature of

700 ◦C. Figure 4.6 shows the results of the AFM imaging.

The obtained results are very similar to those obtained for the dewetting in

N2/air at a temperature of 500 ◦C. Figure 4.6a) shows the surface morphology

of a representative as-deposited TiNyOz film; Figure 4.6b) shows the surface of

the same barrier film after the annealing treatment at 700 ◦C. After annealing,

the barrier film is no longer very smooth, instead it restructures and breaks up

into small crystallites. Figure 4.6c) shows the results after annealing for the film

stack with the NiOx film of a thicknesses of 1.5 nm. Again separated islands are

observed. However, they appeared fractured; this is indicated for an island in

Figure 4.6c) by an arrow. The fracturing of the islands is ascribed to the fractur-

ing of the TiNyOz barrier film, which is also evident in the Figure. Interesting is

that again isolated islands are observed. This suggests that the islands are firmly

anchored to the barrier film. This observation warrants a more detailed investi-

gation, which is presented in Chapter 5. As in the 500 ◦C case, no isolated islands

are observed for the dewetted films of thicknesses of 2.6, 4.3 and 9.2 nm; instead

again clusters of NiOx are found that self-arranged in chains over the substrate,

however, the dewetting clearly seems more evolved and resembles the dewetting
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Figure 4.6: AFM images of a) an as-deposited TiNyOz barrier film, b) the same
TiNyOz barrier film after annealing, c)-f) of the TiNyOz/NiOx film stacks with
NiOx films of various thicknesses, indicated in the Figure, annealed at 700 ◦C for
15 min in N2/air. The scale bars represent 200 nm.

of metallic Ni films at temperatures of 700-750 ◦C [17, 76], but still incomplete.

4.4 Conclusions

The dewetting in atomic hydrogen of reduced pressure of nickel films on TiNyOz

barrier films was studied. After dewetting in hydrogen, a large polydispersity

is island sizes of metallic nickel is observed, even for initial film thicknesses as

thin as 2.4 nm. The dewetting in N2/air of atmospheric pressure of NiOx films

on TiNyOz barrier films was also studied. For films with initial thicknesses of

2.6, 4.3 and 9.2 nm, the annealing in N2/air at 500 ◦C resulted in incomplete

dewetting. Performing the annealing at 700 ◦C resulted in a more evolved, but

still incomplete, dewetting. For the films of a thickness of 1.3 and 1.5 nm, however,

isolated islands or nanoparticles with a small polydispersity were observed. When

the annealing was performed at 700 ◦C the islands are fractured, but are still

isolated. Hence, under the experimental conditions employed here, the presence

of oxygen with the nickel during the dewetting results in a reduced mobility of

the nickel, such that still dewetting occurs, but at an apparent reduced rate.



CHAPTER5

Self-Assembled Monodisperse Isolated NiO1+γ

Nanoparticles as Catalytic Templates for
Nanomaterial Synthesis

The self-organisation of isolated monodisperse nickel oxide (NiO1+γ) nanoparti-

cles on surfaces of arbitrary area sizes is presented. Nickel films deposited on tita-

nium oxynitride (TiNyOz) support films are annealed in a tube oven in a N2/air

environment at atmospheric pressure for various annealing times. After the an-

nealing treatments, randomly distributed spatially isolated NiO1+γ nanoparticles

that are anchored to the support film, are observed. Here, it is investigated what

the effects of prolonged annealing and annealing at high temperatures are on the

formed particles. The influence of air during the annealing is also studied. Last,

the utilisation of these NiO1+γ nanoparticle templates as nucleation sites for car-

bon nanotubes is demonstrated at temperatures of around 680 ◦C.

63
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5.1 Introduction

In the previous chapter it was shown that during an annealing treatment of NiOx

films in N2/air of atmospheric pressure at 500 ◦C, isolated particles formed on the

TiNyOz support film when the initial NiOx thickness amounts to either 1.3 or 1.5

nm. Here, the dewetting of such thin films is studied in more detail. The effects of

the annealing time and the annealing temperature on the external morphologies

of the NiOx films are investigated.

5.2 Experimental methods

5.2.1 Sample preparation and composition

For the experiments that are described in this chapter a film stack is used that

consists of a TiN1.5O1.6 barrier film (#4) of a thickness of 33 ± 3 nm with a

NiOx top-film of a thickness of 1.5 ± 0.2 nm, this film is from series #2, as

defined in Chapter 2, section 2.3.5. Several samples of an area of 1 cm x 1 cm

are cut from a Si wafer on which the barrier film and then the nickel film, was

deposited. The atomic composition of this film stack is obtained with Rutherford

backscattering spectrometry (RBS), the analysis of which is provided here. The

preparation of the substrates and the deposition of the metal films and barrier

layers are explained in Chapter 2, section 2.3.

5.2.2 Procedures employed for the dewetting studies

A number of the film stacks, all with the same NiOx film of 1.5 nm thickness,

was annealed in a nitrogen-flushed tube oven at atmospheric pressure; the samples

were exposed to a temperature of 450 ◦C for annealing periods of 1.5, 3, 5, 7, 10, 15

and 40 min. Another set of these samples was exposed to annealing temperatures

of 400, 450, 500, 600, 700 and 800 ◦C for 15 min. For a number of annealing

durations and annealing temperatures the results were checked with a second film

stack, consisting of a TiN1.8O1.2 barrier film (#3) of a thickness of 25 ± 6 nm

with a NiOx top-film of a thickness of 1.3 ± 0.2 nm. These results are not shown,

but are instead briefly mentioned. The samples that were annealed in the tube

oven did not experience an extended ramp-up time, instead they were brought at

the desired temperature ”instantaneously” by introducing them in the preheated

tube oven. These samples also rapidly cooled by extraction from the oven and

exposure to ambient air of atmospheric pressure at the temperature that was

used for the dewetting. The tube oven is operated at atmospheric pressure and

is flushed with nitrogen, however, it is expected that some oxygen (air) will be
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present with the nitrogen. To study the effect of the absence of a flow of oxygen

during the annealing treatment, the annealing was also performed in a very high

vacuum of a pressure of 1.0·10−7 mbar. Hereto, the film stack was placed in the

CANTOR vessel on a sample stage (stage #2, described in Chapter 2, section

2.1.1), which was heated such that the temperature of the substrate surface just

exceeded 450 ◦C for a total time, including cooling, of about 15 min.

5.2.3 Microscopic analyses

After the annealing treatment of each sample the surface morphology was studied

using atomic force microscopy (AFM), using tapping mode with an OTESPA Si

probe (42 N/m, 300 kHz) with a tip radius of 7 nm using a Nanoscope IIIA

microscope in air and at room temperature. Particle size distributions were

obtained with an analysis package called the Scanning Probe Image Processor,

SPIPTMversion 5.1.5 with the Particle & Pore Analysis Module. For two film

stacks, which were annealed for a period of time of 10 min and 15 min at a

temperature of 450 ◦C, the surfaces were also studied by high-resolution scanning

electron microscopy (HRSEM) with an electron beam of 2 kV using a Philips

XL30 Schottky field emission gun (SFEG) electron microscope. On the first sam-

ple additionally energy dispersive X-ray spectroscopy (EDS) measurements were

performed in a line scan over the surface with an electron beam of 20 kV. The

description of the setups used for the characterisations are provided in Chapter

2, section 2.2.

5.2.4 Carbon nanotube synthesis procedure

The following four samples were used in carbon nanotube synthesis experiments

using catalytic hot-wire chemical vapour deposition (HWCVD):

• An as-deposited sample with the NiOx film of a thickness of 1.5 nm from

series #2
• A sample with the NiOx film of a thickness of 1.5 nm, dewetted at 500 ◦C

during 10 min in N2/air of atmospheric pressure
• A sample with a NiOx film of a thickness of 1.5 nm, on a different barrier

film, dewetted in a very high vacuum of 1.0·10−7 mbar at 150-200 ◦C during

150 min
• An as-deposited sputtered nickel film of a thickness of 9.2 nm (series #2)

The synthesis of carbon nanotubes with the HWCVD process is a process

in which several consecutive actions are taken. The process is divided into five

stages, viz. A-E. The duration of the processes that precede the actual deposition
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take about 45 to 60 min, depending on what temperature is chosen for which the

deposition should initiate, this temperature is referred to as Tstart. Figure 5.1

shows the temperature of the surface of a silicon substrate (at the film side) during

a representative carbon nanotube deposition. The five stages A-E are indicated.

Figure 5.1: Results of substrate surface temperature measurements during a typ-
ical synthesis run of carbon nanotubes. The synthesis was initiated at 700 ◦C and
proceeded for 15 min.

For a typical carbon nanotube deposition the following procedure is followed.

At the start of stage A a flow of 100 sccm H2 is introduced into the reactor and

the pressure is regulated to 1.0 mbar, a direct current of 8.0 A through the fila-

ments is turned on and the heater is set to ramp to 350 ◦C (t=0). Equilibrating

the sample at 350 ◦C first is performed to shorten the ramp to more elevated tem-

peratures and hence shorten the dewetting time of the catalyst film. For NiOx

films the dewetting proceeds at temperatures exceeding 450 ◦C, as will be shown

in this chapter. Due to the high temperature of the filaments, viz. 2160±30 ◦C in

vacuum (shown in Chapter 7), the hydrogen is dissociated [88] and the film stacks

are exposed to atomic hydrogen while they are ramping to Tstart, which is the

temperature at which the source gasses are introduced, and hence for which the

deposition starts. The elevated temperature of the filaments causes the desorp-

tion of possible oxides on the surfaces of the filaments. Therefore, the substrates

are shielded from the filaments by a shutter in stage A. At the start of stage B

the shutter is removed, this exposes the substrates to the flux of atomic hydro-

gen; this allows the reduction of the possible surface oxide present on the catalyst

films. At the start of stage C the sample stage is set to ramp to a temperature

of 950 ◦C. When the source gasses are introduced into the reactor (stage D) the

carbon nanotube synthesis starts and lasts until the current is turned off. At the
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start of stage D a CH4 flux of 30 sccm and a NH3 flux of 10 sccm are introduced

while the H2 flux is decreased to 60 sccm; the total flow is kept constant at 100

sccm and the pressure is manually regulated to maintain a level of 1.0 mbar. This

will be referred to as the standard carbon nanotube recipe. The deposition for

this example lasted for 15 min. At the start of stage E the deposition is stopped

by turning off the current, stopping the flows and turning off the heater, in that

order. The samples are left in the CANTOR in a vacuum of 10−7 mbar to cool.

From Figure 5.1 it is apparent that the temperature of the c-Si substrate of a

thickness of 525 µm, and the temperature of the interior of the sample stage dif-

fered less than 50 ◦C for temperatures higher than about 400 ◦C.

After the carbon nanotube synthesis experiments various characterisation

techniques were used. HRSEM was performed to study the morphology. EDS was

performed to confirm the presence of deposited carbon and Raman spectroscopy

was executed to determine the presence of graphitic carbon. High-resolution

transmission electron microscopy (HRTEM) was performed to visualise individ-

ual walls of carbon nanotubes. Selected-area electron diffraction (SAED) was

employed to obtain the atomic lattice spacings of material collected on a copper

TEM grid with a thin holey carbon film.

5.3 Results and discussion

5.3.1 Characterisation of the TiNyOz/NiOx film stack.

The atomic composition of the film stack that was used in the annealing experi-

ments presented in this chapter is obtained with RBS. Figure 5.2 represents the

RBS energy profile (datapoints) of the film and the simulation (solid line).

Figure 5.2: RBS spectrum and simulation of the TiNyOz/NiOx film stack. The
backscattering energies for the surface elements N, O, Ti and Ni are indicated.
The inset shows the configuration of the films with the thicknesses indicated.

The best obtained simulation indicates that a total (Ti+N+O+Ni) of (124 ±
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10)·1015 atoms·cm−2 are present on the Si substrate, with a measured Ni areal

atom density of (14 ± 1)·1015 atoms·cm−2. It is known from the literature that

nickel films are readily surface-oxidised at room temperature [90, 91]. It is also

known from the literature, from detailed ellipsometry measurements on clean

nickel (111) surfaces [92, 93] and nickel (100) surfaces [94] exposed to O2 at room

temperature, that those surfaces exhibit an absolute oxygen saturation coverage

of (3.6 ± 0.5)·1015 atoms·cm−2 and 3.3·1015 atoms·cm−2, respectively. Nickel

reacts with oxygen to only one stable oxide, viz. stoichiometric NiO, or usually,

as NiO1+γ , whereby γ represents a small amount (0-0.08) of excess oxygen [95,

96]. At low temperatures the oxidation leads to a closed disordered NiO top-

layer [97], and references therein. In the present research, the best simulation of

the measured RBS energy profile, with the surface-oxidation taken into account,

reveals the following sample configuration. The average atomic composition of

the barrier film amounts to TiN1.5O1.6 with a total areal density of Ti, N and O

atoms of (106 ± 10)·1015 atoms·cm−2. The nickel deposition consists of a ”bulk”

layer of (10 ± 1)·1015 Ni atoms·cm−2, with a top-layer of (8 ± 1)·1015 Ni + O

atoms·cm−2. The total film (nickel bulk layer + NiO top-layer) is denoted here

as nickel suboxide (NiOx) and has a thickness of 1.5 ± 0.2 nm; the barrier film

has a thickness of 33 ± 3 nm. The thickness of the NiOx film was calculated from

the areal Ni atom density and the mass density of bulk nickel, viz. 8.9 g·cm−3.

The mass density of the TiN1.5O1.6 film is not known, hence the thickness was

measured using HRSEM in a cross-sectional view, shown in Figure 5.11d). The

inset of Figure 5.2 represents a schematic drawing of the sample configuration.

5.3.2 Effect of annealing time on the dewetting of NiOx on

TiNyOz in N2/air

To study the dependence of the dewetting on the duration of annealing, a number

of the 1 cm x 1 cm film stacks, was separately annealed in N2/air of atmospheric

pressure at 450 ◦C for various periods of time. After the annealing, the surface

morphologies of the samples were investigated by AFM. Figure 5.3 shows the

results.

The AFM image in Figure 5.3a) shows that the surface of the NiOx film is

very smooth prior to the annealing. After the annealing treatment at 450 ◦C for

durations of 1.5 min, shown in Figure 5.3b), and 3 min, shown in Figure 5.3c),

very small nanograins are observed with a high site density. The sample annealed

for 1.5 min has a smooth NiOx at the top; however, for the sample annealed for 3

min, in addition, isolated larger particles of various sizes with a low site density

are also observed on the surface of the sample. For the sample annealed for 5

min, shown in Figure 5.3d), these particles all have very similar sizes and have a
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Figure 5.3: AFM images of six film stacks separately annealed at 450 ◦C in N2/air
for periods of time of a) 0 min, b) 1.5 min, c) 3 min, d) 5 min, e) 15 min and f)
40 min. The insets show images taken at higher magnifications.

larger site density. For the samples annealed for longer periods of time, the size

and distribution of the nanoparticles are similar to those observed after 5 min of

annealing. Thus, the dewetting commences within 1.5-3 min and completes in 5

min, after which no changes to the surface morphology occur. The effect of an

annealing treatment at a temperature of 450 ◦C is the occurrence of separated

nanoparticles with a remarkably narrow size distribution.

Figure 5.4 represents the results of measurements of the widths, heights and

site-densities of the nanoparticles as a function of the annealing time at 450 ◦C.

The full-width-half-maximum (FWHM) of the height profiles that were mea-

sured using WSxM software [98] were taken as representative of the lateral di-

mensions of the nanoparticles. Grains (open symbols) and nanoparticles (closed

symbols) are distinguished. The small grains that were observed before annealing

(0 min) and after the 1.5 min and 3 min annealing treatments at 450 ◦C are de-

noted as grains. Nanoparticles are the isolated aggregations that were observed

after e.g. 15 min of annealing at 450 ◦C. The results, shown in Figure 5.4, sum-

marise the observations that for annealing times up to 3 min very small grains

were found, with roughly constant widths, heights and densities. For an annealing
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Figure 5.4: Results of AFM measurements on the dimensions of the nanoparticles
obtained after annealing the film stack for various durations at a temperature of
450 ◦C in N2/air.

time of 3 min, also isolated nanoparticles become apparent. Reaction of the grains

to isolated nanoparticles is apparent from the decrease in the density of grains

and the simultaneous rise in that of the nanoparticles. For annealing times of 5

min and longer, the widths, heights and site-densities of the nanoparticles remain

unchanged and annealing for longer times has no apparent effect at a temperature

of 450 ◦C.

To verify the results obtained by AFM, HRSEM was performed on the sur-

face of a film stack after annealing at 450 ◦C for 15 min. Figure 5.5a) shows the

HRSEM image in a 45 ◦ tilted-view.

Figure 5.5: a) HRSEM image (tilted 45 ◦) and b) AFM height profile of a single
particle synthesised after annealing at 450 ◦C for 15 min. c) HRSEM image and
d) EDS results of 20 spots on the surface of the sample over a length of about
2500 nm after annealing at 450 ◦C for 10 min.
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As was observed with AFM, HRSEM also displays spatially separated

monodisperse nanoparticles on the smooth support film. Figure 5.5b) shows

the height profile obtained using AFM on a representative particle obtained

for such a film. The particles are not spherical, but rather have a disc-like

aspect ratio. EDS measurements were performed by making line scans over the

surface of a film stack after annealing for 10 min at 450 ◦C. Figure 5.5c) shows

a HRSEM top-view image of the film stack after annealing and d) presents the

quantitative EDS results obtained from a random line scan using 20 scan spots

over a length of about 2500 nm. Unfortunately, it is not possible to perform

EDS on a single nanoparticle with the XL30SFEG electron microscope, because

of the low resolution of the EDS detector and the small heights of the particles.

Instead, a random line scan was performed over the surface of the sample to

determine if the nickel is distributed homogeneously over the substrate or appears

localised. The results of the EDS measurements, shown in Figure 5.5d), indicate

that the nickel is only present locally on the surface of the sample, this verifies

that the initial continuous NiOx film is broken up into separated constituents

containing nickel as a result of the annealing treatment. The HRSEM images

in Figures 5.5a) and c) reveal the presence of spatially separated nanoparticles

on the sample surface of the same size and density as observed using AFM. It

is reasonable to ascribe the spatially separated nickel to the spatially separated

particles, such that the particles contain the nickel, whereas the areas in between

the islands do not. The areas between the particles thus reveal the TiN1.5O1.6

barrier film. The surface morphology of the as-deposited TiN1.5O1.6 is smooth

and crack-free and thus remains unchanged upon annealing at a temperature of

450 ◦C even for long annealing times of up to 40 min, as Figures 5.3d), e) and

f) show. When the observed nanoparticles are considered to be cylinders, which

the AFM height profile of Figure 5.5b) suggests, the average of the site density

of nanoparticles (ρ) times the volume of a particle (πw2h/4) should correspond

to the initial thickness of the NiOx film. Thus:

d =< ρπw2h/4 > ≈ < ρ > π< w >2< h >/4

In which w represents the particle width or diameter, and h the parti-

cle height. For the annealing times of 5, 7, 10, 15 and 40 the corresponding

initial NiOx film thicknesses would be 1.3, 1.3, 1.2, 1.3 and 1.2 nm, respectively.

These very consistent values agree well with the layer thickness of 1.5 ± 0.2 nm

that was obtained from RBS. The good agreement of the microscopic data and

the RBS results confirms that all or almost all of the nickel is contained in the

nanoparticles.
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5.3.3 Comparison of annealing in N2/air and in vacuum -

particle size distributions

Dewetting in N2/air

Figure 5.6a) shows the AFM image of the film annealed in N2/air for 15 min at

450 ◦C, this is the same image as Figure 5.3e).

Figure 5.6: AFM images, particle height profiles and size distributions of film
stacks annealed at about 450 ◦C for 15 min in a)-c) N2/air of atmospheric pressure,
d)-f) in a very high vacuum of 1.0·10−7 mbar.

Figure 5.6b) shows the height profile of a line scan over the surface of the

sample and of a line scan over a representative particle, the line scans are indicated

in the inset of Figure 5.6a). The height profile reveals particles of very similar

widths and heights, reflecting the monodispersity of the particles. Figure 5.6c)

shows the distribution of the particle widths and heights that occur on the sample.

It is apparent that a relatively narrow size distribution of NiO1+γ nanoparticles

is observed. The average particle diameter amounts to 82 ± 10 nm and the

average height amounts to 16 ± 2 nm. As error in the average, the error in

a single measurement of a Gaussian distribution is taken. The distribution of

nanoparticle dimensions is much narrower than that found by several researchers

using annealing in hydrogen [17, 75, 76] or nitrogen [47]. Geissler et al. [75]

obtained a collection of dense, individual or aggregated, small circular islands

with a relatively broad size distribution, when they annealed a nickel film of a

thickness of 1.5 nm in a pressure of hydrogen of 27 mbar (20 Torr) at temperatures
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of 600, 750 and 900 ◦C for a duration of 10 min. The experiments of Moshkalyov et

al. [47], who annealed nickel films of a thickness of 1 nm in nitrogen of atmospheric

pressure for a duration of 30 min at 660 and 700 ◦C, also yielded a broad particle

size distribution. In contrast to the observations of Geissler et al. and Moshkalyov

et al. who both used a SiO2 barrier film, in the work presented here, spatially

separated monodisperse nanoparticles are observed with dimensions of 16 ± 2 nm

(height) x 82 ± 10 nm (diameter) with a site density of 11 ± 1 µm−2 when a

NiOx film of a thickness of 1.5 nm on a TiN1.5O1.6 barrier film is annealed for

durations of 5 min up to 40 min at a temperatures of 450 ◦C.

Here, most likely, the NiOx top-film dewets upon annealing into species that

has limited mobility and coalesces into nanoparticles, which are immobile due to

interaction with the barrier film. The origin of this reduced mobility is either the

presence of the surface oxide NiO1+γ or the presence of air in the nitrogen-flushed

tube oven during the annealing. To make a distinction, the dewetting was also

studied in absence of an air flow, in a vacuum annealing experiment for the same

period of annealing of 15 min and at the same temperature of 450 ◦C, shown in

the next section.

Dewetting in vacuum

After annealing the c-Si/TiN1.5O1.6/NiOx film stack in vacuum, the surface mor-

phology was investigated by AFM, providing height profiles, particle heights and

width or diameter distributions of the resulting nanoparticles. Figure 5.6d) shows

the AFM image of the film annealed in vacuum, which yields NiO1+γ nanopar-

ticles with a relatively broad size distribution. Figure 5.6e) shows the profile of

a line scan over the surface of the sample and over a representative small and

large particle, the line scan over the surface is indicated in Figure 5.6d). The

profile reveals particles of varying widths and heights. Figure 5.6f) shows the

distribution of the particle widths and heights for the vacuum experiment. The

distributions are relatively broad, both for the particle diameters and heights.

The average diameter amounts to 71 ± 26 nm and the average height amounts

to 22 ± 8 nm. As error in the average, the error in a single measurement of a

Gaussian distribution is taken. The results indicate that the NiOx species was

relatively mobile and coalesced into particles of various sizes.

The differences between the two annealing experiments are that in the first

experiment the annealing and cooling of the sample were performed in N2/air

and in air, respectively, of atmospheric pressure (1 bar). For the second experi-

ment the annealing and cooling were both performed in a vacuum of 10−10 bar.

As mentioned, nickel films that are exposed to ambient air at room tempera-

ture exhibit surface-oxidation. When annealed, this should drastically limit the
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mobility of the species that result from dewetting. It was observed by others

during annealing of metallic nickel films on a SiO2 barrier film in nitrogen [47], or

hydrogen [17, 75, 76], that the sizes of the nickel particles increase further with

annealing time and annealing temperature. For those experiments the increase in

particle sizes could be attributed to migration of metallic nickel particles over the

substrate. Mobility of metal particles over non-metallic substrates is due to the

high mobility of metal surface atoms. With metal oxides the oxygen ions that are

more polarisable are usually at the surface and not the metal ions. The mobility

of the oxygen ions at the surface is almost negligible at temperatures far from

the melting point of the oxide, viz. 1955 ◦C. Consequently the mobility of nickel

oxide over an oxidic surface is also negligible. At a temperature of 450 ◦C, NiO1+γ

releases its excess oxygen and NiO forms, which is further completely stable in

vacuum or nitrogen against desorption of oxygen and reaction to metallic nickel

[99, 100]. However, it is known that at around 250 ◦C oxygen already starts to

diffuse or dissolve into bulk nickel [92, 97, 101, 102]. The observed mobility of the

NiOx species in the experiments discussed here, is attributed to oxygen diffusion.

Figure 5.7 shows a schematic representation of the mobilisation process of the

NiOx species, for two situations, viz., in vacuum and in the N2/air environment.

For each situation 5 stages, viz., I-V, are denoted.

Figure 5.7: Schematic representation of the dewetting mechanism in vacuum and
in N2/air at 450 ◦C.

Before the annealing treatment an oxidised nickel top-film (stage I) is present.

Upon annealing, the top-film dewets and initially very small species or grains are

thus created (stage II), which nonetheless, exhibit mobility as observed with the

AFM studies. It is proposed here that the oxygen from the surface oxide diffuses

to the interior of the grains (stage III), which leaves the metal ions exposed and

gives the grains mobility over the substrate, which leads to the migration and con-
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sequent coalescence into larger nanoparticles (stages IV-V). In the experimental

section it was deduced that the nickel film consists of a bulk layer of (10 ± 1)·1015

atoms·cm−2, with an NiO top-layer of (8 ± 1)·1015 atoms·cm−2, hence there is

sufficient capacity for the oxygen diffusion. The suggested description is similar to

the explanation of internal oxidation phenomena [103]. Internal oxidation occurs

when a metal alloy is oxidised and subsequently annealed; the oxygen from the

oxide-metal interface can diffuse inward through the metal solvent matrix and ox-

idise a more reactive alloying element than the solvent metal. In the experiments

described here only a nickel matrix is present, however. Internal oxidation is a

well-studied phenomenon at high temperatures, usually between 500 and 1200 ◦C,

but it is also known that it can occur at temperatures of 300-400 ◦C [104]. With

this model the occurrence of the particles of various sizes as observed with the

vacuum experiment are explained.

For the dewetting experiments performed in N2/air of atmospheric pressure,

the first three stages are the same as in the vacuum case. However, the continuous

supply of oxygen from the N2/air flow to the particles results in further uptake of

oxygen by the particles (stage IV). Due to this further uptake of O, it is here pro-

posed that the nanoparticles become saturated and reaction to e.g. NiTiO3 may

proceed (stage V) at the interface of the NiO1+γ particles and the TiN1.5O1.6

barrier film. The particles are then firmly anchored and the migration halts com-

pletely. When the sample is extracted from the oven (while it is still hot) and

cools to room temperature, the NiO particles may again take up some excess oxy-

gen. The local configuration of the sample, at the sites of the particles, is then

c-Si/TiN1.5+αO1.6+β/NiTiO3/NiO1+γ , whereby α and β represent small pertur-

bations in composition to account for the thin interfacial local NiTiO3 layers that

anchor the particles.

5.3.4 Effect of annealing temperature on the dewetting of

NiOx on TiNyOz in N2/air

To study the dependence of the dewetting on the annealing temperature, a number

of the 1 cm x 1 cm samples with the film stack, with the NiOx film of a thickness

of 1.5 nm, which was also used in the annealing time study, was used in annealing

experiments at various temperatures. The samples were separately annealed in

N2/air of atmospheric pressure during 15 min at temperatures of 400, 450, 500,

600, 700 and 800 ◦C. Subsequently, the surface morphologies of the samples were

investigated using AFM. Figure 5.8 shows the results.

The AFM image in Figure 5.8a) shows that the surface of the film stack

annealed at temperatures between room temperature and 400 ◦C remains very

smooth. However, at a temperature of 450 ◦C, nanoparticles on the sample sur-
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Figure 5.8: AFM images of the six film stacks separately annealed for 15 min in
N2/air at annealing temperatures of a) 400 ◦C, b) 450 ◦C, c) 500 ◦C, d) 600 ◦C, e)
700 ◦C and f) 800 ◦C. The insets show images taken at higher magnifications.

face are observed, as apparent in Figure 5.8b). This indicates that at least for

temperatures of 400 ◦C and lower, the annealing has no effect on the surface of

the NiOx top-film. However, at temperatures above 400 ◦C dewetting of the NiOx

film into separated nanoparticles of a narrow size distribution proceeds, similarly

to what was observed in the study of the effect of the annealing time. In the

annealing experiments at various temperatures, the size of the NiO1+γ nanopar-

ticles, once formed, does not further increase at higher temperatures, as was also

the case in our experiments using various annealing times. It is now concluded

that at temperatures up to 800 ◦C there is no further migration of NiOx species

over the substrate under the experimental conditions employed, since isolated

nanoparticles are observed after annealing at all temperatures investigated.

The annealing experiment performed at 600 ◦C exhibits an interesting effect;

the NiO1+γ nanoparticles disintegrated into even smaller fragments. In the in-

set of Figure 5.8d) 6-8 smaller particles are outlined with a dotted circle. These

small particles result from the fragmenting of a nanoparticle. The diameter if the

nanoparticle is represented by the diameter of the dotted circle. At a temperature

of 700 ◦C this disintegration of single NiO1+γ nanoparticles into smaller fragments
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is also observed, indicated by a dotted circle in the inset of Figure 5.8e); the frag-

ments are larger and fewer in number than for the 600 ◦C case, indicating that

fragments sintered together. For an annealing temperature of 800 ◦C, the result-

ing fragments are again larger and fewer in number. The dotted circle shown in

Figure 5.8f) outlines a single big fragment, which formed due to the aggregation

of smaller fragments. These results thus indicate that sintering of the fragmented

nanoparticles proceeds at 600-800 ◦C. At 600 ◦C the intermediate TiN1.5O1.6 bar-

rier film starts to sinter, which leads to a break-up of the initially continuous

film. The nanoparticles are firmly attached to the barrier film. Consequently, the

break-up of the barrier film brings about the disintegration of the nanoparticles.

At still higher temperatures the NiO1+γ nanoparticles seem to sinter. Presumably

it is the NiTiO3 generated at the higher temperatures of 700-800 ◦C that sinters.

Figure 5.9 represents the results of measurements of the widths, heights and

densities of the NiO1+γ nanoparticles as a function of the annealing temperature

for a period of annealing of 15 min.

Figure 5.9: Results of measurements on the dimensions of the nanoparticles ob-
tained after annealing the film stack for various temperatures for a duration of 15
min in N2/air.

The FWHM of the height profiles that were measured using WSxM software

[98] were taken as representative of the lateral dimensions of the nanoparticles.

Grains (open symbols), nanoparticles (closed symbols) and fragments (partially

closed symbols) are distinguished. Nanoparticles are the isolated aggregations

that are observed after e.g. 15 min of annealing at 450 ◦C; fragments are particles

that are observed after annealing for e.g. 15 min at 700 ◦C due to the disintegration

of individual nanoparticles. The small grains that are observed before annealing
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(0 min) and after the 1.5 min and 3 min annealing treatments at 450 ◦C and for the

annealing at 400 ◦C for 15 min are also denoted as grains. The results, shown in

Figure 5.9, summarise the observations that for temperatures of 450 ◦C and higher,

the nanoparticle width and height stay more or less constant. However, when the

temperature is increased to 700 ◦C and higher, the nanoparticle width decreases

and the site density slightly rises. As mentioned earlier, at a temperature above

600 ◦C the NiO1+γ nanoparticles are observed to disintegrate into smaller ones.

Figure 5.10 shows a schematic representation of the dewetting behavior on

the barrier film observed in the annealing temperature study. The as-deposited

TiN1.5O1.6 barrier film is a smooth continuous film, while the as-fabricated NiOx

film starts out with a grained morphology.

Figure 5.10: Schematic representation of the obtained results for the annealing
temperature study in N2/air performed for a period of 15 min.

Upon annealing for a period of 15 min in the temperature study, the mor-

phology of the barrier film is not thermally stable for temperatures above 450 ◦C

where restructuring of the barrier film starts to proceed. At higher temperatures,

the agglomeration of the material of the barrier film, and, hence, the surface

roughness, increases. At a low annealing temperature of 400 ◦C, the NiOx film

maintains a smooth appearance, whereas, at 450 ◦C the film has sintered to iso-

lated NiO1+γ nanoparticles, or equivalently, the NiOx film has dewetted, whereby

locally a chemical bond with the barrier film anchors the NiO1+γ nanoparticles

to the barrier film. At a temperature between 450 and 500 ◦C the barrier film

becomes thermally unstable and fragments into small crystallites. At a temper-

ature between 500 and 600 ◦C the crystallites of the barrier film sinter to larger

particles; this brings about the disintegration of the NiO1+γ nanoparticles. At

higher temperatures the nickel titanate species of the barrier film sinter to larger

particles at the expense of smaller ones, this brings about the sintering of the

fragments of NiO1+γ to larger ones, also at the expense of smaller ones.
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5.3.5 Synthesis of graphitic carbon nanotubes

To verify if the thus prepared nanoparticle templates are catalytic, carbon nano-

tubes were synthesised on four film stacks. First, a film stack was used that was

as-deposited. Second, a film stack was used that was pre-dewetted in the tube

oven. Third, a film stack was used that was pre-dewetted in the CANTOR in vac-

uum. On the fourth sample, which was also as-deposited, HRTEM was performed

instead of HRSEM. As explained in the experimental section, the temperature of

the samples is ramped to a certain temperature for which the deposition is cho-

sen to start (Tstart) in an atomic hydrogen environment. The atomic hydrogen

reduces the surface oxide and induces the catalytic activity of the nickel. It is

tested if this also holds for the nanoparticle templates.

The first, as-deposited, film stack with a NiOx film of a thickness of 1.5 nm

(from series #2), is exposed to atomic hydrogen during a temperature ramp to

730 ◦C (Tstart = 685 ◦C, Tend = 730 ◦C). After the substrate temperature reached

685 ◦C, the source gasses were introduced. After 15 min the deposition was

stopped. Figure 5.11a),b) shows the HRSEM images of the synthesised struc-

tures, which are found on the substrate with diameters of 15-40 nm with an

average diameter of 29 nm and lengths of up to about 500 nm.

Next, a nanoparticle template was prepared, also with a film stack with a

NiOx film of a thickness of 1.5 nm (from series #2), through the dewetting in

N2/air during 10 min at 500 ◦C. The template of particles was tested for the syn-

thesis of carbon nanotubes. Figure 5.11c),d) shows the results of HRSEM on the

synthesised structures during 30 min (Tstart = 680 ◦C, Tend = 730 ◦C). Carbon

nanotubes are found on the substrate with diameters of 35-65 nm with an average

diameter of 51 nm and lengths of up to about 130 nm. Not all of the nanoparti-

cles acted as catalytic sites for the observed structures, however. Evident is that

the nanoparticles have been reduced in size during the reduction step in atomic

hydrogen to remove the oxygen with the nickel. As the template is removed from

the oven, while still at the dewetting temperature, and directly exposed to air of

atmospheric pressure, the formation of NiTiO3 may proceed quickly as a result of

the abundant supply of oxygen. This could result in particles that mainly consist

of NiTiO3 with NiO1+γ at the top. The fact that the NiTiO3 species is more

difficult to reduce to provide metallic nickel than nickel oxide explains why not all

sites are catalytic. The hydrogen reduction treatment does not lead to sintering

of the particles and the uniformity of the NiO1+γ particles is not lost.

As a last example, Figure 5.11e) and f) show structures synthesised on a dif-

ferent film stack, that was pre-dewetted in vacuum in the CANTOR, which was

also used for the carbon nanotube synthesis. The nickel was sputtered during 3 s,

thus the thickness amounted to about 1.5 nm, as shown in Figure 2.16 of Chapter
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Figure 5.11: HRSEM images of carbon nanotubes synthesised on samples that
are a),b) Not pre-dewetted, c),d) pre-dewetted at 450 ◦C for 15 min in N2/air,
e),f) pre-dewetted in vacuum at 100-200 ◦C for 150 min. The scale bars represent
200 nm.

2. This film stack was annealed in vacuum for 150 min, the substrate tempera-

ture amounted to 150 ◦C on average with a maximum of 200 ◦C. The film stack

was then exposed to atomic hydrogen as the substrate was ramped to 706 ◦C. At

Tstart = 636 ◦C the deposition was started and proceeded for 15 min, at which

Tend = 706 ◦C. From the HRSEM images, the synthesis of spatially separated na-

nostructures is clearly illustrated. The quality of the nanostructures, with respect

to vertical alignment and straightness, can be further improved, presumably by

tuning the process parameters source gas ratio and process pressure.

To verify that the structures, of which the HRSEM image is shown in Fig-

ure 5.11a), which are deposited with HWCVD on the as-deposited nickel film,

are carbon structures, Raman spectroscopy and EDS (with the SEM) have been
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executed, Figure 5.12 shows the results.

Figure 5.12: a) EDS full-frame spectrum and b) Raman spectrum of the deposited
structures.

The EDS spectrum reveals a very large Si signal and very small C, O and Ti

signals. The Si contribution is from the Si wafer, the Ti, O and N signals are

from the TiN1.5O1.6 barrier layer, the C is attributed to the deposited structures.

Figure 5.12b) shows the results from the Raman spectroscopy measurement. The

observed spectrum is typical for carbon nanotubes [105] and closely resembles that

of graphite [106, 107]. Several clear modes are present. Around 1350 cm−1 the D

band is located, it indicates the presence of amorphous carbon and nanocrystalline

graphite impurities [108]. Around 1580 cm−1 the G band is located. The G

band is the Raman-allowed C-C phonon mode (E2g band) of crystalline hexagonal

graphite, it is attributed to the tangential vibration of C atoms in graphitic layers

[105]. Around 1620 cm−1 the D’ band is located, which is attributed to the loss

of long-range symmetry and the presence of lattice defects [109, 110]. It is known

that the D and D’ bands increase in intensity with increasing structural disorder,

the G band intensity attains a maximum and then decreases and broadens until

it is indistinguishable [111]. Tuinstra and Koenig [112] proposed a relationship

between the intensity ratio of the D and G bands and the inverse of the in-plane

coherence length (La), which is the mean crystallite size in graphite. The relation

is La = C(λ) IDIG
−1

, where C(λ) is dependent on the laser excitation wavelength

[110, 113]. Here, C(λ) = 4.4 nm for λ = 514.5 nm and IG/ID = 0.45, which leads

to in-plane coherence lengths of La = 2.0 nm. This result shows that the carbon

nanotubes deposited are rather defective. Chowalla et al. [17] found that PECVD

grown carbon nanotubes become more defective for low and high temperatures

used in the range of 550-900 ◦C due to non-equilibrium exclusion of carbon from
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the catalyst particle. It should be noted that here no post-deposition treatments

were performed to clean or purify the substrates and carbon nanotubes thereon.

No STEM measurement was performed on the sample with nickel of a thickness of

1.5 nm. However, the results of the HWCVD deposition of carbon nanotubes using

a nickel film of a thickness of 9.2 nm is shown instead. For this carbon nanotube

synthesis run the standard carbon nanotube recipe, as defined in the experimental

section of this chapter, was used with a growth duration of 30 min and a Tstart of

about 750 ◦C. Some of the deposited material was scraped or sonicated off from

the substrates onto a copper TEM grid with a thin holey carbon film, after which

STEM measurements were performed. Figure 5.13 shows the results.

Figure 5.13: a) A bright field image of a multi-wall carbon nanotube. b) HRTEM
image of the walls of the carbon nanotube. The square shows the area for which a
Fourier transform, shown in the inset, was performed. c),d),e) Dark field images
of the carbon nanotube. f) Bright field image of collected material. g),h) SAED
patterns of the collected material.

Figures 5.13a) and b) show a bright field image of a relatively very wide (80
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- 100 nm) tubular structure and a HRTEM image of a selected area of the wall

of the structure, respectively. In the HRTEM image the individual walls of the

structure can be seen. The square in the HRTEM image displays an area for

which a Fourier transform was executed, shown in the inset of b), which yields

an inter-wall distance of 0.34, which is close to the well-known distance between

graphene sheets of 0.3335 nm [114]; this shows that the structure is a multi-wall

carbon nanotube. Figures c)-e) each show a dark-field image of the nanotube with

different crystal orientations highlighted. For every crystal orientation a different

part of the walls lights up. It is observed that parts of the walls on the opposite

sides of the tube are highlighted, indicating that the walls are parallel. Figure

f) shows a collection of crystalline material on the TEM grid, Figures g) and h)

(inverted image) show the SAED pattern. The pattern shows double diffraction,

the double diffracted pattern is indicated by a white arrow. From the patterns the

lattice spacing in the particles is obtained. The spacings obtained from Figure

5.13h) amount to d = 0.12, 0.22, 0.11, 0.08, 0.07, 0.06, 0.23, 0.21 nm. These

lattice spacings correspond to nickel.

For the synthesis experiment with the sample that was pre-dewetted in the

tube oven, Figures 5.14a)-d) show the results obtained from HRTEM measure-

ments. Figure 5.14a) shows a HRTEM image. The parallel lines that are visible

in the image correspond to crystalline regions, furthermore a structure with a

seemingly hollow core enclosed by such parallel walls is observed.

Figure 5.14b) shows a second HRTEM image of such parallel walls, which are

typical of graphitic carbon, on a nearby spot. A Fourier transform on the image

allows extraction of the periodicity present with the image, the result yields the

interwall-distance of 0.34 nm, which is very close to the well-known distance be-

tween graphene sheets of 0.3335 nm [114], this shows that the structures shown in

Figure 5.14b) consists of graphitic carbon. Figure 5.14c) shows the SAED pattern

from the crystalline regions in Figure 5.14a), the lattice spacings that are obtained

from the diffraction pattern indicate that nickel and graphitic carbon are present.

Figure 5.14d) shows the SAED pattern from the parallel walls alone, the result

indicates that only graphitic carbon is present. It is thus explicitly shown that

the structures shown in Figure 5.11c) and d) are multi-walled carbon nanotubes.

For the synthesis experiment with the sample that was pre-dewetted in the

CANTOR in vacuum, Figures 5.14e)-h) show the results. Figure 5.14e) shows

a HRTEM image of a tubular structure with a dark inner core. The inner core

consists of nickel, which was deduced from SAED measurements, not shown. Fig-

ure 5.14f) shows a spherical structure with a shell. The core of the spherical

structure consists of nickel, also deduced from SAED measurements, not shown.

Figure 5.14g) shows a HRTEM image of the interface of the tubular structure and

the inner nickel core. The image shows parallel walls, presumably of graphitic car-
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Figure 5.14: a) HRTEM image of a carbon nanotube, b) HRTEM image of crys-
talline carbon, c) SAED of catalyst particles, d) SAED of carbon nanotubes, e)
bright field TEM image of nickel+carbon nanotube, f) bright field TEM image of
a nickel particle encapsulated with carbon, g) HRTEM of the walls of the carbon
nanotube shown in e), h) HRTEM of the wall of the nickel particle shown in f).

bon, unfortunately the amorphous carbon background (of the TEM grid) distorts

the image. Figure 5.14h) shows a HRTEM image of the interface of the spherical

nickel structure and the shell, here the amorphous background is not present (this

is possible when the structure resides partially over a hole in the carbon TEM

grid), here the parallel walls are more clearly visible, a Fourier transform yields

an inter-wall distance of 0.34 nm, this shows that the shell around the spherical

nickel particle indeed consists of graphitic carbon.

A nice feature of an electron microscope is the possibility to use secondary

electron (SE) and backscattered electron (BSE) images to localise heavy and

light elements on a sample. For the sample pre-dewetted in the CANTOR in

vacuum this was performed. Figure 5.15a) and b) show the results in a SE and

BSE image, respectively.

From the indicated square areas in the SE and BSE image it is seen that

the scan areas on the sample are equal. The SE image shows several standing

structures as well as several spherical-like structures. The complementary BSE

image shows no standing structures, only somewhat elongated structures and

spherical-like structures. These structures that are discernable with BSE have

a high mass density and correspond to the deposited nickel on the sample. For

instance, a standing structure is indicated in the SE image by an arrow. In the
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Figure 5.15: HRSEM images of carbon nanotubes synthesised on the nanoparticle
template shown in Figures e),f) pre-dewetted in vacuum at 100-200 ◦C for 150 min.
a) SE image (45 ◦ tilted view) and b) BSE image (top-view) of the same area. The
indicated areas are examples of structures that can be directly compared in the
SE and BSE images. The scale bars represent 1 µm.

corresponding BSE image, this standing structure is not discernable, only a small

fraction at the bottom the bottom of the structure is seen on close inspection.

This shows that the standing structure observed in that SE image consists of a

mass density lower than nickel. This result obviously confirms the observations

of STEM discussed earlier in which it is deduced that the standing structures are

multi-walled carbon nanotubes with an inner nickel core and that the spherical

structures are nickel particles with multi-walled graphitic carbon shells.

5.4 Conclusions

It is shown here that the annealing of a thin NiOx film on a TiNyOz barrier film at

atmospheric pressure in N2/air, results in immobile isolated monodisperse NiO1+γ

nanoparticles. The annealing treatment is performed in a simple nitrogen-flushed

tube oven at atmospheric pressure, furthermore, surface oxides present with the

nickel do not have to be removed prior to the annealing by a reduction step, since

the particles are intentionally oxidised. This is an inexpensive and very simple

method for the fabrication of nanoparticle templates of arbitrary surface areas for

the growth of, e.g., carbon nanotubes. At a low annealing temperature of 400 ◦C,

the NiOx film maintains a smooth appearance, whereas, at 450 ◦C the film sinters

to isolated nanoparticles. The NiO1+γ nanoparticles occur with a density of (11

± 1) µm−2 and with dimensions of about 16 ± 2 nm in height and 82 ± 10 nm

in diameter after dewetting for 15 min. After 5 min the dewetting is already

completed and the anchored particles have formed, which are immobile during
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further annealing, even for annealing times of 40 min or annealing temperatures

of 800 ◦C. An interfacial reaction of the NiO1+γ particles with the barrier film to

NiTiO3 is suggested to explain the anchoring of the nanoparticles to the barrier

film. In this way very well distributed, non-aggregated NiO1+γ nanoparticles

are obtained. Though the pattern of the nanoparticles is not ordered, expensive

procedures as e-beam lithography or methods that are difficult for large surface

areas, such as nanosphere lithography [28–30, 59, 115], as described in Chapter

3, can be avoided since this process works on surfaces of arbitrary sizes. The

application of these particle templates is illustrated by the synthesis of multi-

walled carbon nanotubes, which shows that the nanoparticles are catalytically

active.



Part II - The Controlled Growth of WO3−x

Nanostructures Using Non-Catalytic Hot-Wire
Chemical Vapour Deposition
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CHAPTER6

Growth Evolution of WO3−x at a Low Oxygen
Partial Pressure

In this chapter one of the most important metal oxide materials today, viz. tung-

sten oxide, is introduced. Various deposition methods and the most important

applications are categorised. Here, for the first time, a detailed study is presented

on the controlled deposition of tungsten oxide thin films using the hot-wire chemi-

cal vapour deposition technique. A unique feature of the work presented is that the

tungsten filaments are used as a source of tungsten atoms and ambient air is used

as oxidising gas, omitting the necessity of chemicals and toxic gasses. It is in-

vestigated what the effect is of thermal radiation from the heated filaments on the

films as they are deposited. Tungsten oxide depositions have also been performed

on preheated substrates. The crystallinity, mass density, internal and external

morphology, crystal structure, chemical structure, atomic composition and optical

properties of the deposited tungsten oxide are investigated.

89
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6.1 Introduction

6.1.1 Properties and applications of WO3−x

Tungsten oxide (WO3−x) is a transition-metal oxide that has been studied for

decades, but nowadays still receives much attention from researchers in various

fields. It is safe to say that WO3−x, besides being the leading electrochromic

material today [116], has a very wide spectrum of applicability and is therefore

one of the most versatile and important transition-metal oxides. A review on the

progress of this material between 1993 and 1998 with a focus on the electrochromic

properties was supplied by G.C. Granqvist [117] in 2000. More recent reviews

were provided by S.K. Deb. [116] on the electrochromic and related applications

in 2008 and by R. Baetens et al. on the implementation in smart windows in 2010.

A number of applications of WO3−x is listed below.

• energy saving (photo)electrochromic smart windows [117–126]
• various other electrochromic devices [116, 127–130]
• solar energy conversion and storage cells [116, 131–135]
• solar water-splitting cells [116, 136]
• suggested catalyst enhancer for fuel cells [137]
• photocatalyses [138–140]
• batteries [141–143]
• charge storage [144]
• photonic crystals [145–147]
• variable-reflectance mirrors [148]
• variable-emittance thermal radiators [149–151]
• optical recording and image storage [152–155]
• infrared switching devices [156, 157]
• gas/chemical sensors [158–167]
• H atom density detector in HWCVD processes [168]
• electron injection/transport layer in organic-inorganic optoelectronic devices

[169]
• hole injection/transport layer in organic-inorganic optoelectronic devices

[169]
• superconductivity [170–172]
• ........

Stoichiometric WO3 is transparent and highly resistive and has many useful

properties, including outstanding electrochromic [117, 118, 131, 156, 173–175],

gaschromic [159, 160, 164–166], optochromic [152, 176, 177], photocatalytic [178]

and magnetic [179] properties. The terms electrochromic, gaschromic and op-

tochromic indicate material property dependencies on electrical charge or voltage,

on light irradiation, usually in the ultraviolet range, and on exposure to reducing

or oxidising gases, respectively. Amorphous WO3 is a material which exhibits
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a.o. a short electrochromic switching time, high coloration efficiency and high

transmittance modulation [175]. Crystalline WO3, especially in the form of high

surface area one-dimensional nanorods, exhibits a.o. enhanced photocatalytic and

photocurrent response [178].

When tungsten oxide is vapour-deposited, it is usually oxygen-deficient and

non-stoichiometric [180–183]. WO3−x is non-transparent and exhibits electrical

conductance and interesting electronic properties, such as, superconductivity [170]

and charge carrying through polarons [184].

6.1.2 Synthesis methods of WO3−x

Many different deposition techniques are used to produce WO3−x thin films, such

as pulsed laser deposition [174], pyrolysis [137, 185, 186], liquid phase deposition

[187], electrodeposition [188–191], spin-coating [163, 192] or dropcasting [193]

or precipitation [165] of solutions, sol-gel methods [173], magnetron sputtering

[157, 159, 162, 164, 166], reactive radio frequency (rf ) sputtering [161], thermal

evaporation [132, 175, 178, 194] and the oxidation of tungsten films [192, 195–

197]. Also several chemical vapour deposition (CVD) methods are employed, such

as, aerosol-assisted [197, 198], atmospheric-pressure [197, 199, 200], low-pressure

[201, 202] and metal organic [203, 204] techniques.

Recently, the hot-wire (HW) CVD [118, 181, 205–212] technique has been

shown to be a versatile method for the deposition of various metal oxide nano-

structures, amongst which tungsten oxide nanostructures [205, 210]. However,

the controlled preparation of thin films and of depositions of a variety of nano-

structured tungsten oxide has not been reported before. The latter capability

is of practical interest, because it provides materials with an enhanced surface

area, which helps to greatly increase photochromic effects [213], electrochromic

effects [141], gaschromic effects [165, 167] and photocatalytic effects [138–140]. In

fact many electronic properties of WO3 are related to surface defects rather than

to intrinsic properties of bulk WO3 [3, 4]. This chapter presents a first compre-

hensive study of the HWCVD growth process of WO3−x. The morphology and

the amount of material deposited per unit time vary greatly with the deposition

techniques, for example, sol-gel and hydrothermal methods require several steps

which decreases the yield. An advantage of the HWCVD method is that the de-

position of WO3−x can occur very fast, this is shown in Chapter 7 of this thesis.

Furthermore, the technique is simple and is readily scaled up to substrates of a

large area [214]. In the work presented here, the tungsten filaments have been

used as source of the tungsten atoms and ambient air as the oxidising gas, which

makes it a very environmentally friendly method.

In this work the HWCVD method is not a catalytic method, instead, the
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heated tungsten filaments are exposed to an air flow, resulting in oxidation of the

surfaces of the filaments to WO3 and/or to WO2 [215–218]. After oxidation the

oxides readily desorb due to their high volatility [219]. Metallic tungsten atoms,

however, are not very volatile, the normalised vapour pressure of pure tungsten at

a temperature of e.g. 1973 K amounts to p/p0 = 1.7·10−15, whereas for (WO3)x
it amounts to 0.065, 0.29 and 0.078 for x = 2,3,4, respectively [220], whereby p0

amounts to 1013 mbar. Due to these very high vapour pressures the oxygen does

not dissolve into the filaments but readily desorbs as tungsten oxide species [220].

Thus, the HWCVD method as employed here is a non-catalytic method.

6.2 Experimental

In the CANTOR, which is described in Chapter 2, section 2.1, two parallel straight

tungsten filaments were resistively heated by a constant direct (DC) current of

8.0 A. In a vacuum of typically 1.0·10−7 mbar this brings the filaments to a

temperature of 2160±30 ◦C. A steady air flow of 24±8 sccm was introduced into

the reactor. In our laboratory conditions the concentration of oxygen in the air

amounts to 20%, hence, assuming equal pumping speed for N2 and O2, the oxygen

partial pressures (PO2) amounts to 1/5 of the established air pressures.

The depositions were performed on single-side diamond-polished 1.0 x 1.0 cm2

Sigradur G vitreous glassy carbon wafers of a thickness of 1 mm and on Corning

2000 glass substrates with an average area of ∼3 x 3 cm2 of a thickness of 0.5 mm.

Both substrates were positioned 1 cm below the filaments on a tantalum sample

holder, which could be heated up to a temperature of about 950 ◦C. The tem-

perature of the sample stage was monitored by a thermocouple inside the stage,

the temperature of the surface of the substrates was measured by a AlCr - NiCr

thermocouple attached to a glassy carbon substrate. A shutter was employed to

shield the substrates from the filaments and was used to define the end and start

of a deposition. After switching on the current through the filaments, the shutter

remained closed for about 2 min before starting a deposition.

The external surfaces of the deposited tungsten oxide films as well as the

fractured surfaces displaying the internal structure, were investigated by high-

resolution scanning electron microscopy (HRSEM). The number of atoms de-

posited was determined by Rutherford backscattering spectrometry (RBS). Con-

sequently the mass densities of the films can be established. Energy dispersive

X-ray spectrometry (EDS) was used to qualitatively verify the RBS results. The

structural and chemical composition of the species deposited was determined by

X-ray diffraction (XRD) and Raman spectroscopy, respectively. The optical trans-

mission and reflection of films deposited on Corning 2000 glass substrates was
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measured using ultra violet to visible (UV-VIS) spectroscopy. For a nanostruc-

tured film, scanning transmission electron microscopy (STEM) and selected-area

electron diffraction (SAED) were used to determine the morphology and crystal

phase, respectively. The details of the characterisation techniques and setups are

provided in Chapter 2, section 2.2.

6.3 Results and discussion

6.3.1 Morphology

A series of thin films was produced by collecting the vapour species on the glassy

carbon substrates during 5, 15, 30, 30, 60, 187 and 680 min. Figure 6.1 shows the

results from HRSEM on the external surfaces and fractured edges.

Figure 6.1: HRSEM images of WO3−x films deposited at PO2 = (2.6-4.0)·10−4

mbar using I = 8.0 A for various durations. a)-e) Top-views and f)-j) correspond-
ing cross-sectional views, respectively. All scale bars represent 500 nm.

The growth of the films appears to start with small grains, which subsequently

grow to large cone-shaped grains as the deposition proceeds. The SEM images of

the top-views clearly display the evolution of the grains; the lateral sizes of the

top of the grains increase drastically with the deposition time as well as that of

the voids between the grains. The effect of the deposition time on the grain size

is attributed to sintering caused by a rising substrate surface temperature during

deposition, due to thermal radiation from the filaments. A thermocouple attached

to the surface of a substrate was used to monitor the temperature during 60 min

while the filaments were heated by a constant DC current of 8.0 A in a vacuum

of 10−7 mbar. Figure 6.2 shows the results.

The results show a rapid rise in temperature in vacuum when the current

through the filaments was turned on, followed by a slow increase. Already within
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Figure 6.2: Substrate surface temperature in vacuum for a filament current of 8.0
A. The dashed lines at 350 and 390 ◦C indicate the temperature range for which
WO3 starts to crystallise.

the first minutes, the surface temperature of the glassy carbon substrate exceeds

the crystallisation temperature of WO3 of 350-390 ◦C [159, 161, 162, 194, 221].

This means that as the tungsten oxide species are deposited on the substrate under

these conditions, crystallisation occurs. Raman spectroscopy was performed on

the substrates after deposition, it revealed that after 5 min the obtained WO3−x
films are completely amorphous, which is indicated in Figure 6.3 by filled round

dots, after 15-30 min they consist of a mixed amorphous/crystalline monoclinic

WO3 phase, indicated by partially filled dots, and after 60 min they are completely

crystallised, indicated by open dots. In the next section the Raman spectroscopy

results are presented and discussed in detail.

The lateral sizes of the upper part of the grains were measured by HRSEM

on the external surfaces of the films. Figure 6.3a) represents the measurement

results.

A film deposited during 5 min consists of very small grains with lateral sizes

of 8-16 nm, and a film grown during 60 min exhibits sizes of 20-42 nm. When the

deposition time is prolonged for as long as 680 min, the lateral sizes of the grains

at the top of the film increase to 113-271 nm. For films deposited within 60 min,

the nanograins are thus very small, which would render them suitable for e.g. gas

sensing [162] and photochromic applications [213]. For those films, the grain sizes

at the top are equal to those of the grains situated below the external surface.

The grain sizes at lower levels within the films were assessed by examining the

fractured edges of the films. As can be seen in Figures 6.1i) and j), however, the

grain sizes substantially increase when the deposition is continued. The grain size
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Figure 6.3: HRSEM measurement results of WO3−x films deposited at PO2 = (2.6-
4.0)·10−4 mbar using I = 8.0 A for various durations. a) Grain sizes measured
on the top-surfaces, b) thickness and c) deposition rate. For data points without
error bar the uncertainty is smaller than the height of the symbols.

at the top-surface rises linearly with the deposition time, as shown in Figure 6.3a).

It is known that the grain sizes of WO3−x thin films can increase considerably

when such films are annealed at temperatures above 200 ◦C [194]. When WO3−x
thin films are deposited using shorter deposition times while employing higher

deposition rates, this will be discussed in Chapter 7, the temperature during the

deposition is lower, and the films do not exhibit a cone-shaped growth structure.

Hence, the increase in grain sizes must be due to sintering alone.

The thicknesses of the films were determined with HRSEM from the cross-

sectional views at various positions on the substrate and appeared to be ho-

mogeneous from the micrographs. Figure 6.3b) represents the results. Com-

pletely amorphous WO3−x films are deposited with a deposition rate of 3.4±0.7

nm·min−1. The measured film thickness increases non-linearly with deposition

time for the films deposited within 60 min and linearly with longer periods of

time. Figure 6.3c) shows the deposition rate. The deposition rate for films de-

posited during periods of time shorter than 60 min is about two times higher

than for films deposited during longer periods of time. This is due to crystalli-

sation and thus densification of the films when deposited on a surface with a

temperature that exceeds the crystallisation temperature. The mass density of

amorphous WO3 amounts to 3.6 g·cm−3 [222], and the mass density of crystalline

WO3 amounts to 7.2 g·cm−3. The ratio of the mass densities amounts to two.

Films deposited during 60 min or longer, which are completely crystallised, exhibit

an average deposition rate of 1.8±0.1 nm·min−1.
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6.3.2 Chemical and crystal structure

In order to determine the crystal phase(s) of the films deposited during 5, 15, 30,

30, 187 and 680 min, Raman measurements were performed. Figure 6.4a) shows

the Raman spectra.

Figure 6.4: Raman spectra for the WO3−x films deposited at PO2 = (2.6-4.0)·10−4

mbar using I = 8.0 A for various durations.

For the 5 min deposition, two main signals were observed, a broad signal at

777 cm−1, which is ascribed to W6+-O bonds [223] in amorphous WO3 [224],

and a broad band also characteristic of amorphous tungsten oxide at around

950 cm−1, which is attributed to the W6+=O stretching mode of terminating

oxygen atoms [225] in weak interaction with water molecules [185, 226]. For

the deposition of 15 min, the amorphous band at around 950 cm−1 was still

observed. However, for longer deposition times the broad band was absent, which

indicated that the water was expelled from the films, which proceeds at 500 ◦C

[227]. Furthermore, the spectrum indicated the growth of crystallites and, hence, a

reduction of the amount of amorphous material. The spectrum measured of the 15

min deposition exhibited three sharp crystalline peaks at around 272 cm−1, which

is attributed to a bending vibration of O-W-O [228], indicating the monoclinic

γ-phase of WO3 [185, 229–231] and distinct peaks at around 717 and 806 cm−1,

which are attributed to O-W-O stretching modes in WO6 octahedral units [232],

also pointing to the monoclinic γ-phase of WO3 at room temperature [210, 229–

231]. For the films deposited during 15 min or more, a small signal at 325 cm−1

is also present, this is also observed by Boulova and Lucazeau [185] for c-WO3,
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it is ascribed to a bending mode of W-O bonds of the tetrahedrally coordinated

molecule of the type WO4. Raman spectroscopy thus demonstrated that the films

deposited for 5 min and 15 min contain amorphous WO3 and are hydrous, the 15

min film also contains monoclinic WO3 crystallites. For longer deposition times

the crystallinity increases further and after 60 min the crystallisation is complete.

It is known that thin films consisting of WO3 are amorphous when deposited at

a temperature below 350 ◦C with rf magnetron sputtering [159, 162], rf reactive

sputtering [161] and thermal evaporation [194], while annealing above 350-390 ◦C

induces crystallisation into a monoclinic phase [159, 161, 162, 194, 221]. Ozkan et

al. [221] studied the crystallisation of evaporated amorphous WO3 films and found

that annealing at temperatures above 390 ◦C for 1 hour in air yields completely

crystalline films.

XRD measurements performed on the films that were deposited within 60

min reveal no diffraction patterns, since the mass of the species deposited and

the detection limit of the XRD set up of about 40 nm, are not sufficient. Figure

6.5 shows the diffraction patterns of the films that were deposited during 187 and

680 min.

Figure 6.5: XRD patterns of the WO3−x films deposited at PO2 = 4.0·10−4 mbar
using I = 8.0 A during 187 and 680 min. The pattern of a glassy carbon substrate
and two ICCD card patterns are shown for reference.

The sharp feature at 43.9◦ is from an aluminum substrate holder used to

mount the samples in the XRD apparatus. The broad features at 25◦ and 44◦

are due to the carbon substrate. It appears from comparison with ICCD cards

no. 10872404 and no. 10830950, that for the film deposited during 187 min, the

(002) and the (200) diffraction maxima are most dominant. For the film that
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was deposited in 680 min, the (200) diffraction maximum dominates. Apparently,

there is preferred growth in the (200) crystal orientation as the deposition time

is prolonged.

6.3.3 Atomic composition

RBS measurements were performed to quantify the atomic species in the films.

Figure 6.6 shows the energy profiles of the backscattered He+ ions.

Figure 6.6: RBS spectra of the WO3−x films deposited at PO2 = (2.6-4.0)·10−4

mbar using I = 8.0 A for various durations. The surface energies for W and O
atoms of backscattered 2 MeV He+ ions at a detector angle of 170◦ are indicated
in the graphs.

The RBS analysis [10, 24] was performed by simulating the measured spec-

tra using a software package called Rutherford Universal Manipulation Program

(RUMP) [25], the simulations are not shown. For the film deposited during 5

min, the RBS spectrum is well-simulated by a carbon substrate with a very thin

oxygen-rich W1O3.5 bottom-layer and a top-layer of W1O3. The average atomic

oxygen-to-tungsten ratio (O/W) of the deposited material amounts to O/W =

3.06. The configuration of the bottom-layer with an oxygen content higher than

3 can be explained by the presence of water in the film, as was indicated by the

Raman measurement. From the RBS profiles no indication that oxygen is present

in the glassy carbon substrates, is found. However, it is known that the amount

of oxygen in the carbon substrates can vary between (6-9)·1015 atoms·cm−2 [233].

It is therefore possible that the glassy carbon substrates used in this research also

contain oxygen. When (8±2)·1015 O atoms·cm−2 are assumed to be originating

from the carbon substrate, O/W = 2.66±0.40 is obtained. The colour of the

sample after deposition is greenish by reflected light, which indeed deviates from

transparent (on glass) or yellow (on carbon or silicon) which are characteristic of
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stoichiometric WO3. For the film deposited over 15 min, the RBS spectrum is

well-simulated by a carbon substrate with an oxygen-rich W1O3.09 layer. Again

the oxygen content higher than 3 can be explained by the presence of water in

the film, as was indicated by the Raman measurement, or by the presence of

oxygen in the substrate. After accounting for the possible presence of oxygen

from the substrate O/W = 3.00±0.08 is obtained. The colour of the sample after

deposition is dark blue. For the deposited film over 30 min, the RBS spectrum

is simulated by a carbon substrate with a layer with a composition of W1O3.02.

After accounting for the possible presence of oxygen from the substrate O/W =

2.97±0.06 is obtained; the colour of the sample is light blue. For the deposited

film over 60 min, the RBS spectrum is simulated by a carbon substrate with a

slightly oxygen-deficient W1O2.97 layer. After accounting for the possible pres-

ence of oxygen from the substrate O/W = 2.94±0.03 is obtained; the colour of

the sample is yellow/golden.

The results obtained from RBS confirm the results obtained by Hamamura

et al. [180] and Rothschild et al. [181] who studied the reaction of water vapour

with heated tungsten filaments and both observed a blue deposit on their reac-

tor walls, which they identified as oxygen deficient tungsten trioxide. The colour

change from transparent WO3 to blue WO3−x is due to oxygen vacancies in the

material. By heating WO3 films at 150 ◦C such vacancies can be created, thus

colouring the films; this is called a thermochromic effect [234]. The preparation of

tungsten oxide films by thermal evaporation of WO3 yields understoichiometric

WO3−x films due to this thermochromic effect, since oxygen diffuses out of the

WO3 used to evaporate. Since in the HWCVD process there is significant thermal

radiation from the filaments, the understoichiometry of the films can be ascribed

to this thermochromic effect.

The RBS spectra of the WO3−x films deposited in this work are shown in a

semi-logarithmic plot in Figure 6.7a) to identify any significant impurities in the

films. From the spectra it is apparent that in addition to the expected elements

C, O and W, there are small amounts of impurities present in the deposited films.

The impurities that are detected with reasonable certainty are Ca, S, Se, Ge and

Cu. Figure 6.7b) shows the numerical results. For the deposition that lasted

60 min the impurities could not be determined. For the depositions performed

for longer periods of time, the films were too thick for RBS measurements. The

results indicate that only for the depositions that last very shortly, discernable

contents of impurities are present.

Other impurities could have been present but the statistics in the RBS spec-

tra were too low to make solid assumptions about this. These elements likely

originated from the filaments. The supplier of the tungsten filaments states that

of the possible impurity elements mentioned above the following are present in a
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Figure 6.7: a) RBS spectra on a log scale of the films deposited at PO2 = (2.6-
4.0)·10−4 mbar using I = 8.0 A for various deposition times. The surface energies
of backscattered 2 MeV He+ ions at a detector angle of 170◦ are indicated for a
number of atomic species. b) Impurity concentrations as a function of time.

clean tungsten filament: Ca, S and Cu.

EDS experiments were performed to independently detect the presence of

atomic species in the films. The EDS spectra for the films deposited during the

various deposition times are normalised to the C signal of the carbon substrate,

except for the spectrum of the 680 min, which is not normalised; Figure 6.8 shows

the spectra.

Figure 6.8: EDS spectra of the WO3−x films deposited at PO2 = (2.6-4.0)·10−4

mbar using I = 8.0 A for various deposition times.

By EDS, next to C, W and O, the presence of Ca, S and Cu, Ge and Se in
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trace amounts can be confirmed. A pre-deposition filament annealing treatment,

which is a normal procedure in HWCVD depositions, could be applied to avoid

such impurities. However, this does not hold for the impurities of Ca, S and

possibly Cu, since these are detected in the film deposited during 680 min. The

RUMP simulations provide the number of W and O atoms in the films. Figure

6.9a) represents the results, after correction for the possible oxygen originating

from the substrates.

Figure 6.9: RBS results of WO3−x films deposited at PO2 = (2.6-4.0)·10−4 mbar
using I = 8.0 A for various durations. a) Number of deposited O+W, O and
W atoms. b) Atomic oxygen-to-tungsten ratio. c) Mass density ρ. The mass
density of c-WO3 and a-WO3 amount to ρc = 7.2 g·cm−3 and ρa = 3.6 g·cm−3,
indicated in the graph by a dashed and a dotted line, respectively. d) SEM results
(repeated) and RUMP simulation results for a-WO3 and c-WO3 films.

The number of W and O atoms deposited varies linearly with the deposition

time, which implies that the deposition rate of vapour species on the substrate

was constant. Figure 6.9b) shows the oxygen-to-tungsten ratio of the films. The

mass densities of the films were calculated by using the results for the film thick-

nesses by SEM and the number of atoms by RBS; Figure 6.9c) shows the results.

Figure 6.9d) shows the thicknesses established by SEM as well as the thicknesses

obtained from a second simulation with RUMP. With RUMP the thickness of a

film is calculated by making assumptions for the atomic density of the material

and the energy loss of scattered particles dependent on the penetration depth.

In the second simulation the thicknesses of the films were simulated by using the

mass density of amorphous WO3 (a-WO3) of ρa = 3.6 g·cm−3, which is a typical

reported value [222] and by using the mass density of crystalline WO3 (c-WO3)

of ρc = 7.2 g·cm−3. The results of the second simulation are also shown in Figure

6.9d). For the films deposited during 5 and 15 min the results of the simulation

agree well with those obtained by SEM when the mass density of a-WO3 is used.
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The film deposited during 30 min appears to be mixed amorphous and crystalline,

and the thickness of the film deposited during 60 min appears to be well-simulated

by using the mass density of c-WO3. The crystallinity of the films is determined

from the data obtained from the simulations. The crystallinity cannot be de-

termined for the films deposited over 5 min and 15 min due to the presence of

water. Also from the comparison of the thickness obtained by SEM and by the

second RBS simulation, it is concluded that the mass density of the films must

be slightly lower than that of a-WO3, which can be explained by a porosity in

these partially amorphous films. For the films deposited during 30 min and 60

min the crystallinity was calculated to be 32% and 100%, respectively, assuming

no porosity.

It is concluded that under the deposition conditions of an oxygen partial pres-

sure of (2.6-4.0)·10−4 mbar, using a filament temperature of 2160±30 ◦C and a

deposition time of 5 min, amorphous films were deposited. The average deposition

rate amounted to about 3.5 nm·min−1. During the deposition of the amorphous

films, crystallisation occurs, since the substrate surface temperature was higher

than the crystallisation temperature of WO3, viz. 350-390 ◦C. During the crys-

tallisation the mass density of the films increases. For a deposition time of 60

min the WO3−x films crystallise completely, which was also observed by Ozkan

et al. for evaporated amorphous WO3 films. This accounts for the non-linear in-

crease of film thicknesses with deposition time.

All films in this series contain amorphous WO3, crystalline WO3 or consist

of a mixed state as indicated by Raman and RBS. Furthermore, RBS shows an

average composition that is close to WO3 for all films. Experiments performed

by Gillet et al. [162] on monoclinic WO3 thin films of various grain sizes demon-

strated that the sensitivity to ozone of WO3-based sensors depends on the grain

size and the film porosity. They observed large average grain sizes of 60-400

nm depending on the oxygen partial pressure used in their magnetron sputtering

process. Pokhrel et al. [193] found an average WO3 particle size of 40-70 nm

in a soft-chemistry solution-based process with a tungsten hexachloride precur-

sor. Boulova and Lucazeau [185] produced crystallites with sizes of 2 nm with a

solution-based technique and sizes of 4-60 nm with spray-pyrolysis. A film con-

sisting of smaller grains can have a higher surface area and hence can have higher

sensor sensitivity. Amorphous WO3 films have very low absorption for visible light

and are therefore of interest for transparent metal oxide thin film applications.

For applications, such as sensors, amorphous films are always annealed, usually

between 200 and 500 ◦C to stabilise the structural and electrical properties [194].

In several studies it was shown that the film structure and sensing properties de-

pend on stabilising treatments [235–237]. In the series of experiments described

here, the deposition of 60 min, for which the average substrate surface tempera-
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ture amounted to about 400 ◦C, consisted of a completely crystallised WO3 film

with surface grains with sizes of 20-42 nm. Hence, it is apparent that by the

HWCVD technique thin films can be synthesised with grains which are up to an

order of magnitude smaller than when the films are synthesised with magnetron

sputtering. HWCVD is an economic and simple method that is easily up-scalable

[238] and has a roll-to-roll deposition feasibility [214], moreover the possibility to

synthesise WO3−x thin films with these small grain sizes is very interesting for

device applications, such as gas sensors, electrochromic devices, and solar cells.

6.3.4 Absorption of light

To determine the optical properties of the films deposited on Corning glass sub-

strates for various durations, UV-VIS measurements were conducted; Figures

6.10a),b) show the results.

Figure 6.10: a) Total transmission (T ) and b) total reflection (R) of WO3−x films
deposited at PO2 = (2.6-4.0)·10−4 mbar for various durations as a function of
wavelength and c) the optical indirect band gap (BG) as a function of deposition
time. The BG values of a-WO3, viz. 3.25 eV, and c-WO3, viz. 2.6 eV, are indicated
by solid lines.

It is apparent from Figures 6.10a) and b) that the transmission and the re-

flection of the film deposited using a filament current of 7.5 A at 4.0·10−4 mbar

for 30 min (line 2) suddenly drop at a wavelength around 360 nm. This drop

in both transmission and reflection indicates absorption of the WO3−x film since

the Corning glass substrate (line 1) does not show any absorption for wavelengths

longer than 350 nm. The decrease in transmissions and reflections of the fully

crystallised films (lines 3 and 4) occur at higher wavelengths than the partially
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crystallised film (line 2).

From the transmission and reflection data the absorption coefficient could be

obtained. The absorption coefficient α is defined as the relative decrease in light

intensity L after passing a distance of x through the absorbing material [239]:

α = 1
L
dL
dx . When only reflection at the film/air interface is considered, the fol-

lowing relation holds: T = (1− R)e−αd. Thus, for the absorption coefficient one

obtains: α = −1
d ln

T
1−R . In which T represents the transmission coefficient, R

the reflection coefficient and d the thickness of the film. When the square root of

the absorption coefficient as a function of the energy of light can be fitted by a

straight line for a sufficiently large interval, the intersection of the slope of the line

with the horizontal energy-axis yields the indirect optical band gap [239]. Figure

6.11 shows this procedure as an example.

Figure 6.11: The square root of the absorption coefficient as a function of the
energy of light. The intersection of the linear fit yields the indirect optical band
gap.

Figure 6.10c) shows the results of the band gaps of the films deposited for

the various durations of time; a decrease of the band gap with deposition time

is observed. It is noted that line 4 in Figure 6.10a) corresponds to a film of a

thickness of 1.24±0.05 µm, which causes the significantly reduced transmission.

The indirect optical band gap of amorphous WO3, viz. 3.25 eV [240, 241], is

higher than the indirect band gap of crystalline WO3, viz. 2.6 eV [242, 243], so it

is expected that the fully crystallised films (lines 3 and 4) have band gaps of about

2.6 eV. However, it is known that for substoichiometic tungsten oxides, the oxygen

vacancies lead to a significantly increased density of states in the band gap region,

which reduces the band gap [3, 169, 244–246]. Hence, vapour-deposited tungsten

oxide films, which are substoichiometric, can have somewhat lower band gaps,



6.4 Deposition on substrates with an elevated temperature 105

depending on the oxygen content. The film deposited during 680 min, exhibits a

band gap of 2.3 eV, which is attributed to such an oxygen deficiency.

6.4 Deposition on substrates with an elevated

temperature

To further study the effect of the substrate surface temperature during and after

deposition, the film deposition that lasted 30 min, shown in Figures 6.12a) and d),

was repeated while the bottom of the substrate was additionally heated. Figures

6.12b) and e) show the result for a deposition for which the substrate was heated

(by sample stage #2) to Tsurface = 700±100 ◦C.

Figure 6.12: HRSEM bird’s eye view images of WO3−x depositions performed
for 30 min using PO2 = (2.6-4.0)·10−4 mbar, I = 8.0 A and a),d) no additional
substrate heating, b),e) additional heating to Tsurface = 700±100 ◦C during de-
position and c),f) additional heating to Tsurface = 900±50 ◦C for 48 hr.

It is observed that the deposition on substrate with an elevated surface tem-

perature yields the deposition of high aspect ratio nanowires with a thickness of

45±10 nm and lengths of 4.3±0.7 µm. For another synthesis run, which lasted

60 min, the substrate was heated (by sample stage #1) to Tsurface = 900±50 ◦C

for an additional 47 hours after the deposition. Figures 6.12c) and f) show the

result. The thickness of the deposition, shown in Figure 6.3c), is similar to the

thickness of the deposition that lasted 60 min without additional heating, shown

in Figure 6.1h), however, the surface morphology of the deposition is very differ-

ent. The deposition performed with heating the bottom of the substrate exhibits
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nanorods with diameters of 146±26 nm and with lengths of up to 750 nm. All

these depositions were made using the same deposition conditions, only the sub-

strate temperature was different. Apparently a high substrate temperature and

a relatively slow rate of deposition of tungsten oxide vapour species brings about

the formation of nanowires and a prolonged exposure of these nanowires to an

elevated temperature of about 950 ◦C yields the thicker nanorods. No other char-

acterisations than SEM were performed on the nanostructured film sintered at

950 ◦C. Since RBS measurements cannot be performed on nanowire depositions

as shown in Figure 6.12b), a STEM measurement was performed to determine

the crystal phase(s) of such nanowire depositions. Hereto, a nanowire deposition

was executed using similar conditions with an oxygen partial pressure of 2.4·10−3

mbar. Material was collected from the substrate and STEM, HRTEM and SAED

measurements were performed. Figure 6.13a) shows a bright field image of the

selection of collected material. Figure 6.13b) shows a HRTEM image displaying

the atomic lattice of a nanowire.

Figure 6.13: a) Bright field STEM image of material collected from a nanowire
deposition. b) SAED pattern of the material. c) HRTEM image of a nanowire.
The area is selected for a Fourier transform, the result is shown in the inset.

A Fourier transform was performed on the area indicated in Figure 6.13b),

the obtained lattice spacings amount to dlattice = 0.36 and 0.37 nm which are

close to a lattice spacing of dlattice = 0.38 nm for W24O68. The results show that

the nanowires are solid and not hollow, furthermore the SAED pattern, shown in

Figure 6.13c), reveals that the crystal phase that is most abundant in the collected
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material is the monoclinic W24O68 (O/W = 2.83) phase (JCPDS 36-0103). In

Chapter 7 the growth of such high aspect ratio structures is discussed further.

6.5 Conclusions and remarks

The above results demonstrate that with the HWCVD method thin films of

WO3−x are deposited with a constant deposition rate. Completely amorphous

WO3−x films are deposited with a deposition rate of 3.4±0.7 nm·min−1. Com-

pletely crystalline WO3−x films exhibit an average deposition rate of 1.8±0.1

nm·min−1. The films are nanogranular and exhibit very small grains with sizes

of 20-42 nm for films deposited during 60 min or less. This is up to an order of

magnitude smaller than when the films are synthesised with magnetron sputter-

ing. Thermal radiation from the filaments causes crystallisation into a monoclinic

c-WO3 phase and causes dehydration of the films. Furthermore, the nanograins

sinter to microcrystallites displaying diffraction maxima due to the (002), (200)

and (020) crystallographic planes. The observed indirect optical band gaps of the

films vary with deposition time. For completely amorphous films a band gap of

3.2±0.2 eV is observed. The gap decreases with deposition time due to crystalli-

sation. In addition, the introduction of oxygen vacancies reduced the band gap

further. For a completely crystalline film, deposited during 680 min, a band gap

of 2.3±0.4 eV was thus observed.

The source of the tungsten atoms is commercially available tungsten filaments,

the source of the oxygen atoms is the ambient air. The absence of the need of tung-

sten containing chemicals, together with the simplicity of the synthesis apparatus,

makes HWCVD a competitively viable candidate amongst the other deposition

techniques. HWCVD has, however, additional traits. Firstly, it is shown here

that for depositions of 5 min the resulting films are amorphous, for longer du-

rations crystallisation occurs. This means that if a larger filament-to-substrate

distance is used, completely amorphous films can be deposited. In Chapter 7 an

easier way is introduced. This entails that both a-WO3−x and c-WO3−x films

can be deposited with one technique. Secondly, it is shown that deposition on

additionally heated substrates yields nanowire depositions with a most abundant

crystal phase of monoclinic W24O68. Clearly, the deposition of such high aspect

ratio nanostructures over an area which is only limited by the dimensions of the

reactor, which itself is not limited, is industrially attractive.





CHAPTER7

Growth Process Conditions of WO3−x Deposited
Using Hot-Wire Chemical Vapour Deposition

In this chapter, for the first time, the synthesis conditions of hot-wire chemical

vapour deposited tungsten oxide are presented. The effect of changing the filament

temperature, the oxygen partial pressure and the substrate temperature are studied.

A variety of nanostructured morphologies, viz., ultrafine powder, nanogranular,

nanocrystallite and closed crystallite films, are thus obtained. The evolution of

the deposition rate, internal and external morphology, crystal structure, chemical

structure, and optical properties are investigated.

7.1 Introduction

Many electronic properties of tungsten oxide (WO3−x) are related to surface de-

fects rather than to intrinsic properties of bulk WO3 [3, 4]. Hence, it is interest-

ing to asses how the process conditions of hot-wire chemical vapour deposition

(HWCVD) of WO3−x can be varied, such that, a variety of nanostructured depo-

sitions is obtained. Here, the effect of the filament temperature, oxygen partial

pressure and the substrate surface temperature are studied. The internal and

109
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external morphology, crystal structure, chemical structure and optical properties

of depositions performed using the various conditions are investigated.

7.2 Experimental

In the CANTOR, described in Chapter 2, section 2.1, two parallel straight tung-

sten filaments were resistively heated by various DC currents using various flows.

The depositions were performed on single-side diamond-polished 1.0 x 1.0 cm2

Sigradur G vitreous glassy carbon wafers of a thickness of 1 mm and on Corning

2000 glass substrates with an average area of about 3 x 3 cm2 of a thickness of 720

µm. Both substrates were positioned 1 cm below the filaments on sample stage

#2, which can be heated up to a temperature of about 950 ◦C, which constitutes

a substrate surface temperature of Tsurface = 700±100 ◦C. The characterisation

techniques and setups that were used to characterise the deposited films are dis-

cussed in Chapter 2, section 2.2.

To study the effect of the filament temperature on the deposited films, several

thin films were synthesised during 30 min of deposition with an air flow of 25 sccm

at an oxygen partial pressure of PO2 = 4.0·10−4 mbar using direct currents (DC)

of 4.0, 5.0, 6.0, 6.5, 7.0, 7.5, 8.0 and 9.0 A. These depositions are described in

the section ”Effect of filament temperature at a low oxygen partial pressure”. To

study the effect of the oxygen partial pressure on the deposition of WO3−x thin

films, various films were synthesised with a filament current of 8.0 A using oxygen

partial pressures between 6.0·10−6 mbar and 1.0 mbar. The depositions lasted

30 min unless stated otherwise. These depositions are described in the section

”Influence of the oxygen partial pressure”.

To study the effect of the substrate surface temperature in combination with

enhanced deposition rates, WO3−x was synthesised at various oxygen partial pres-

sures together with additional heating of the substrates to Tsurface = 700±100 ◦C.

These depositions are described in the section ”Synthesis of nanostructured c-

WO3−x with very high surface areas”.

The external surfaces of the deposited WO3−x as well as the fractured sur-

faces displaying the internal structure, were investigated by high-resolution scan-

ning electron microscopy (HRSEM). The structural and chemical composition of

the species deposited was determined by X-ray diffraction (XRD) and Raman

spectroscopy, respectively. The optical transmission and reflection of WO3−x de-

posited on Corning 2000 glass substrates was measured using ultra violet to visible

(UV-VIS) spectroscopy. Angular resolved spectroscopy (ARS) was performed to

measure the scattering properties of the WO3−x. For a nanopowder film, scanning

transmission electron microscopy (STEM) was performed to obtain the particle
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sizes of the powder and physisorption experiments were conducted to determine

the specific area of the powder. The details of the characterisation techniques and

setups are provided in Chapter 2, section 2.2.

7.3 Results and discussion

7.3.1 Effect of filament temperature at a low oxygen partial

pressure

The filament temperature is related to the current through the filaments. Fila-

ment temperatures were measured for various DC currents used in the range of

4.0-13.0 A, without gas flow, in a very high vacuum of 1.0·10−7 mbar. Figure

7.1a) represents the results.

Figure 7.1: a) Filament temperature and b) deposition rate of WO3−x films de-
posited at PO2 = 4.0·10−4 mbar (Pair = 2.0·10−3 mbar) for a duration of 30 min
as a function of filament current. c) Substrate surface temperature as a function
of deposition time for various filament currents. A second order fit through the
data in a) is shown.

For the range of filament currents used, the filament temperature in vacuum can

be represented by the empirical formula:

Tfilament(I) = 540 + 223·I - 2.6·I2 with σT = 30 ◦C (7.1)

In which Tfilament represents the filament temperature (in ◦C), I the DC current

(in A) through the filaments and σT the error in the calculated temperatures,

which is caused by aligning the temperature sensor spot on the surface of the
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heated filaments.

A number of depositions was performed on glassy carbon and Corning glass

substrates using various DC currents in the range of 4.0-9.0 A. After deposition

of the films on glassy carbon, the thicknesses of the films, and hence the de-

position rates, were established by HRSEM on the fractured edges of the films;

Figure 7.1b) shows the results. A constant porosity of the films is assumed. The

deposition rate goes through a maximum, reaching its highest value of about 5

nm·min−1 at a filament current of 7.5 A, which amounts to a filament tempera-

ture of 2070±30 ◦C in vacuum. The thermal radiation that reaches the substrate

is different for each filament current employed, which causes differences in extend

of crystallisation of the films and, hence, different average mass densities. XRD

measurements were performed on the films, no crystalline phases were observed.

Raman measurements were also performed on the films. The results, not shown,

revealed that the films deposited using currents of 4.0, 5.0 and 6.0 A (filament

temperatures of 1390, 1590 and 1780 ◦C in vacuum) were amorphous, which is

indicated in Figure 7.1b) by filled round dots. The films deposited using higher

currents consisted of a mixed amorphous/crystalline phase; indicated in Figure

7.1b) by partially filled round dots. In general the crystallinity increases for films

that are deposited using higher currents. For instance, a filament current of 8.0

A, or a filament temperature of 2160±30 ◦C (measured in vacuum), leads to a

crystallinity of 32% after 30 min of deposition when an oxygen partial pressure

of 4.0·10−4 mbar is used, as shown in Chapter 6.

The temperature of the surface of a substrate was measured in a very high

vacuum of 1.0·10−7 mbar for the various filament currents used. Figure 7.1c)

represents the results. In each experiment, the substrate was initially at room

temperature. At t = 0 min the current through the filaments was turned on.

Within the first minutes the substrate temperature rose quickly, after which it

exhibited a slow increase. The rate of the temperature rise was constant after

15 min and amounted to 0.6 ◦C·min−1. The highest measured temperatures dis-

play an estimated error of 30 ◦C; for clarity the error bars are only shown for the

measurement at a current of 8.0 A. As WO3 has a crystallisation temperature of

350-390 ◦C [159, 161, 162, 194, 221], it is apparent that for filament currents of 6.0

A and lower, the substrate surface temperatures could not have reached the crys-

tallisation temperature. For experiments using higher currents this was the case

as the experiment using 8.0 A verified. The measurements of the substrate surface

temperature thus confirm the results obtained by Raman spectroscopy. The sub-

strate surface temperatures during depositions in an air pressure of 2.0·10−3 mbar

instead of a vacuum of 1.0·10−7 mbar are expected to be only slightly lower. The

oxygen partial pressure amounts in this work to 1/5 of the air pressure. For the

films in this series, HRSEM revealed that all films have an internal nanogranular
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morphology. The morphologies of the films are very similar to that of the film

shown in Figures 6.1b) and g).

From Figure 7.1b) it is apparent that there is a sudden change in the trend

of the deposition rate as a function of the filament current. The decrease in the

deposition rate is larger than can be attributed to differences in crystallinity and

mass density, which would be only a factor two. Therefore, it is concluded that

the change in the trend is due to a change in processes that occur at the heated

filaments. By classical kinetic gas theory it is known that the number of oxy-

gen molecules that strike the filament per second per square centimeter, i.e. the

oxygen flux to the filament, is independent of the filament temperature, provided

that the pressure in the reactor is sufficiently low (as was the case here). During

the depositions, the heated filaments are constantly struck by oxygen molecules,

which are then dissociated into oxygen atoms and chemisorbed on the tungsten

surface. McCaroll [215], Ptushinksii and Chuikov [216–218] established that oxy-

gen chemisorbed up to about a monolayer on a hot tungsten surface thermally

desorbs as oxygen atoms, while chemisorption of oxygen beyond a monolayer

leads to thermal desorption of WO2 and WO3. For relatively low filament tem-

peratures the oxygen coverage of the tungsten surface will be high [247]. On the

other hand, the low temperature causes the desorption of tungsten oxide species

to be relatively slow. The sticking probability of oxygen decreases with the cov-

erage of the tungsten surface. At low temperatures the filament will therefore

be covered by oxygen, while tungsten oxides desorb slowly and oxygen molecules

incident from the gas phase will mostly only be physically adsorbed and rapidly

desorb. When the filament temperature is increased, the oxygen flux that reaches

the filaments does not change. The rise in filament temperature, however, brings

about an increase in the desorption of both tungsten oxides and oxygen adatoms,

which enhances the sticking probability and reactions of oxygen on the tungsten

filaments. The deposition rate of the tungsten oxide species is thus raised for

increasing filament currents up to 7.5 A. For higher filament currents and thus

higher temperatures, the residence time of oxygen and tungsten oxides on the

filaments will decrease significantly, which causes a decrease in tungsten oxide

formation at the filaments, since the coverage of oxygen on the tungsten surfaces

will decrease. The free surface on the filament increases, and hence the sticking

probability, but the short residence time of oxygen adatoms prevents the coverage

to reach a monolayer or more. This explains the decrease in deposition rate for

currents higher than 7.5 A.

Optical measurements using UV-VIS were conducted on the films that were

deposited on Corning glass substrates using various DC currents; Figures 7.2a),b)

show the results.

As mentioned previously, the films consist of partially crystallised and partially



114 Growth Process Conditions of WO3−x Deposited Using . . .

Figure 7.2: a) Total transmission (T ) and b) total reflection (R) of WO3−x films
deposited at PO2 = 4.0·10−4 mbar using various filament currents during 30 min
as a function of wavelength and c) the optical indirect band gap (BG) as a function
of deposition time. The BG value of a-WO3, viz. 3.25 eV, is indicated by a solid
line.

amorphous tungsten oxide. The calculated indirect optical band gaps of the films

in this series amount to 3.3±0.1 eV, which is a typical value reported for amor-

phous WO3 [240, 241]. The transmission and reflection results show that the films

are all optically very similar. Furthermore, the films posses similar band gaps,

despite the fact that the films deposited using higher filament temperatures have

a slightly larger amount of crystalline material. The films exhibit high averaged

transparencies of over 70% and show very low absorption for visible light and are

therefore of interest to transparent metal oxide thin film applications.

Nanogranular thin films are thus deposited on glassy carbon and Corning sub-

strates by exposure to tungsten filaments heated to temperatures of 1390-2340 ◦C

at a low partial oxygen pressure (4.0·10−4 mbar) for a period of time of 30 min.

The deposition rate is dependent on the filament temperature and shows a maxi-

mum at 2070±30 ◦C. At filament temperatures lower than 2070 ◦C, the desorption

rate of tungsten oxides is limited by the chemisorption of oxygen. For filament

temperatures higher than 2070 ◦C, the short residence time of oxygen on the hot

tungsten surfaces limits the desorption of tungsten oxides. Up to 1780 ◦C, the

deposited films are amorphous. In the range of 1880-2340 ◦C, the deposited films

consist of a mixed amorphous/crystalline phase. The calculated average indirect

optical band gap of all thus deposited films amounts to 3.3±0.1 eV.
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7.3.2 Influence of the oxygen partial pressure

After the depositions using various oxygen partial pressures, the thicknesses of

the films were established by HRSEM. Figure 7.3a) represents the results of the

thickness measurements on films deposited on glassy carbon. The deposited films

are found to be amorphous, indicated in Figure 7.3a) by filled dots, or partially

amorphous/crystalline, indicated by partially filled dots.

Figure 7.3: a) Deposition rate of WO3−x films and b) maximum filament lifetime
of as a function of oxygen partial pressure using I = 8.0 A for durations up to 30
min. The uncertainty in the data points is smaller than the height of the symbols,
unless indicated otherwise.

The effect of an increase of the oxygen partial pressure in the reactor over six

orders of magnitude on the deposition rate of the films was monitored. The

deposition rate rises by a factor of about 41000 to a rate as high as 36 µm·min−1

by increasing the oxygen partial pressure to 1.0 mbar. Clearly, the enhanced

supply of oxygen to the filaments leads to a higher rate of formation of tungsten

oxides at the filaments. No saturation in deposition rate with rising oxygen partial

pressure is observed. It can thus be expected that for higher oxygen partial

pressures the deposition rate would have been even higher. The results of Figure

7.1b) suggest that for a filament current of 7.5 A the deposition rates would be

still more elevated, since the 8.0 A current used in this experiment is beyond the

deposition rate maximum. A high deposition rate is of course economically very

attractive, provided that the same material properties can be obtained. However,

when using high oxygen partial pressures the filaments have a limited lifetime. It

was observed, that for depositions using enhanced oxygen partial pressures, the

resistance of the filaments increases considerably during the depositions, in some
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cases the filaments eventually fractured. Additional experiments were therefore

conducted, using a filament current of 8.0 A, to measure the lifetimes for a number

of oxygen partial pressures used; Figure 7.3b) represents the results. The lifetime

of the filaments decreases linearly with the oxygen partial pressure. With the film

deposited using 1.0 mbar, for example, the filaments broke after 5 min, however,

the resistance already started to increase after 1.7 min.

Also XRD measurements were performed on the films deposited at different

pressures. Figure 7.4a) shows the diffraction patterns.

Figure 7.4: a) XRD patterns and b) Raman spectra of WO3−x films deposited
for durations up to 30 min without using additional substrate heating, using I =
8.0 A and various oxygen partial pressures. The film deposited using PO2 = 1.0
mbar was deposited on a Corning glass substrate.

The ICCD pattern of WO3 with number 10872402, as well as the pattern of a

bare glassy carbon substrate, are added for reference. The XRD patterns are

broad and indicate amorphous tungsten oxide, rather than a well-defined crystal

structure. Raman spectroscopy was performed on a selection from the same films,

the spectra are shown in Figure 7.4b). Four maxima are apparent that point to

crystalline WO3. The first is located at around 272 cm−1, the second is located

at around 325 cm−1, the third and fourth are located at around 717 and around

806 cm−1. The details of the vibrational Raman modes for WO3 are provided in

Chapter 6, section 6.3.2. A broad band also characteristic of amorphous tungsten

oxide at around 950 cm−1, which is attributed to terminating oxygen atoms in

weak interaction with water molecules, is also observed when elevated pressures of

3.0·10−2 mbar and higher are used. Raman spectroscopy thus demonstrates that

the films deposited at enhanced oxygen partial pressures contain amorphous and

crystalline WO3. When the oxygen partial pressure is 3.0·10−2 mbar or higher,

the films are hydrous and thus contain water. From the Raman spectroscopy

results it appears that at higher partial oxygen pressures the deposited films are
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more amorphous, but otherwise there are no chemical bonding differences between

the films in the series. This suggests that a change in oxygen partial pressure

only affects the deposition rate of the films. We attribute the presence of both

amorphous and crystalline features to the high substrate surface temperature due

to thermal radiation. However, the short deposition time of 30 min is not long

enough to yield full crystallisation. For full crystallisation to occur a deposition

time of 60 min is required [211, 221], which is also shown in Chapter 6. Figure

7.5a) shows a HRSEM image of the fractured cross-section of a representative

film, deposited using an oxygen partial pressure of 0.03 mbar.

Figure 7.5: HRSEM images of a WO3−x thin film deposited during 14 min at
PO2 = 0.03 mbar and I = 8.0 A. a) Cross-sectional view, b) higher magnification
image of the area indicated in a), and c) top-view. The scale bars represent 500
nm.

The thickness of the film amounts to 3.19±0.03 µm. The film was deposited in

only 14 min. The relatively high deposition rate and low mobility of the de-

posited species over the substrate (which was not additionally heated) causes the

deposited species to stick on the sites where they land on the substrate instead of

migrating over the surface. This results in island growth and hence in a colum-

nar morphology of the deposited films. Figure 7.5b) shows that the columnar

structures consist of nanograins with sizes of about 20 nm. Figure 7.5c) shows

a top-view of the film. The small sizes of the grains implies that such films are

well suitable for e.g. gas sensing applications [162] and photochromism [213]. The

films deposited on Corning glass substrates have a similar morphology, not shown.

The film deposited using an oxygen partial pressure of 1.0 mbar, warrants spe-

cial attention. The amorphous nature of the film, as shown by XRD and Raman,

is due to the short deposition time of only 3 min, which is too short for any sig-

nificant crystallisation. This particular powder-like film was further studied using

STEM and SAED. Figure 7.6 shows the results.

Upon comparison of Figures 7.5c) and 7.6a) the external surface morphologies

appear similar. Using high magnification, however, the morphology of the pow-
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Figure 7.6: SEM images of a WO3−x powder film deposited within 5 min at PO2

= 1.0 mbar. a) SE top-view image, b) SE cross-sectional view image. c) HRSEM
top-view image. d) STEM top-view image.

der film deposited using an oxygen partial pressure of 1.0 mbar is observed to

consist of a ”wool-like” structure, shown in Figure 7.6c). Figure 7.6b) shows a

cross-sectional SEM image displaying the fractured substrate with the film. The

thickness of the deposited powder film amounted to as much as 104±1 µm, indi-

cated in the figure by two arrows. Figure 7.6d) shows a TEM image displaying

the particles, which constitute the powder film. It appears that the powder con-

sists of small nanoparticles with dimensions of about 7±1 nm. Using the Scherrer

formula [248], a crystal size of 7.7±0.9 nm is obtained from the XRD pattern

shown in Figure 7.4a); this confirms the TEM measurements very well. Electron

diffraction is more sensitive to small crystallites due to the short wavelength of

the electrons, the pattern, not shown, reveals that the particles are crystalline.

Particles of such small sizes can show interesting fundamental phenomena, such as

quantum confinement, not studied here. As already mentioned previously, a high

surface area is very beneficial for sensor sensitivity in gas sensors [162], for en-

hanced photocatalytic and photocurrent response [178], for photochromic effects

[213], electrochromic effects [141], gaschromic effects [165, 167] and photocatalytic

effects [138–140]. To determine the surface area of the powder film, physisorp-
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tion experiments using N2 have additionally been executed. To this end, multiple

powder films were synthesised using the same conditions. A total mass of powder

of 125 mg was collected. The measurement results, not shown here, revealed a

very high specific surface area of 121.7±0.4 m2·g−1. The highest values for WO3

reported in the literature amount to 150-180 m2·g−1 using a sol-gel technique

[249] or a chemical process [250]. With HWCVD values of about 47 m2·g−1 have

been reported [251]. Hence, the values obtained in this work are state-of-the art.

This is a very easy and novel procedure for the quick and efficient synthesis of

amorphous WO3 powders.

Optical measurements using UV-VIS were conducted on the films that were

deposited on Corning glass substrates. Figures 7.7a),b) show the results.

Figure 7.7: a) Total transmission (T ) and b) total reflection (R) of WO3−x films
deposited at various oxygen partial pressures using I = 8.0 A for durations up to
30 min as a function of wavelength and c) the optical indirect band gap BG as
a function of oxygen partial pressure. The BG value of a-WO3, viz. 3.25 eV, is
indicated by a solid line.

The transmission and reflection of the nanogranular films deposited using different

pressures drop at similar values for the wavelengths. Apart from the hydrous

nature, as observed using Raman spectroscopy, the films are more amorphous

at higher pressures, but this has only a limited effect on the transparency of

the films. The films exhibit high averaged transparencies of over 70% and show

very low absorption for visible light. Such films are, as mentioned previously, of

interest to transparent metal oxide thin film applications. The obtained average

indirect optical band gap of the films in this series amounts to 3.3±0.1 eV, which

corresponds to amorphous WO3 [240, 241].
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7.3.3 Synthesis of nanostructured c-WO3−x with very high

surface areas

To study the effect of the substrate surface temperature in combination with

enhanced deposition rates, WO3−x was synthesised on glassy carbon and Corn-

ing glass substrates at various oxygen partial pressures together with additional

heating of the substrates to Tsurface = 700±100 ◦C. This leads to pronounced

crystal structures. Figure 7.8 shows HRSEM images of the cross-sections and of

top-views of a number of representative depositions on glassy carbon.

Figure 7.8: HRSEM cross-sectional and top-view images of WO3−x deposited for
durations up to 30 min using I = 8.0 A and additional heating of the bottom of
the substrates at a PO2 of a)-c) 4.0·10−4 mbar, d)-f) 7.2·10−4 mbar, g)-i) 3.1·10−2

mbar and j)-l) 4.6·10−2 mbar.

The morphologies of the films deposited on Corning substrates are similar to

those observed on glassy carbon substrates. On substrates at an elevated sur-

face temperature, a change in oxygen partial pressure has a drastic effect on the

morphology of the deposited films. The effect is due to the combined effect of an
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enhanced deposition rate and a high surface mobility. The surface structures rep-

resented in Figures 7.8a),b) and c) consist of nanowires with a thickness of 45±10

nm and lengths of 4.3±0.7 µm. A high substrate temperature and a low rate of

deposition of tungsten oxide vapour species brings about the formation of such

nanowires. Vapour-deposition of metal oxide species on a substrate kept at an ele-

vated temperature leads to a high surface mobility of the metal oxide species over

the substrate. As a result the tungsten oxide species deposited is highly mobile

over the surface of the tungsten oxide already deposited and can reach atomically

rough surfaces present at the top of the thin wires that promote nucleation of

new atomic layers. The relatively low rate of deposition prevented formation of

nucleation centers on atomically flat surfaces by collision of mobile tungsten oxide

species. The surface structures in Figures 7.8d),e) and f) consist of nanowires with

a thickness of 70±20 nm and lengths of 2.2±0.4 µm. These wires are shorter and

thicker than those shown in Figures a),b) and c). The lengths and widths of the

wires can be controlled by varying the oxygen partial pressure, whereby higher

pressures yield shorter and thicker wires. The enhanced supply of tungsten oxide

vapour species from the filaments during the deposition of the films leads to an

enhanced probability of establishing critical nuclei on flat surfaces. Consequently,

growth in the lateral direction proceeds at the expense of growth in the direction

perpendicular to the substrate. This is particularly well-illustrated by a nanowire

in Figure 7.8d), indicated by an arrow; this nanowire has a thin tip and a wider

base. As the supply of oxygen is increased further, shadowing effects cause fur-

ther growth in the lateral direction and results in the deposition of structures

which are henceforth referred to as crystallites. The surface structures in Figures

7.8g),h) and i) consist of these crystallites with a rectangular shape with widths

and depths of 0.57±0.04 µm and lengths of 1.0±0.2 µm. For even higher oxygen

partial pressures the depositions, denoted as closed crystallite depositions, almost

completely close in the lateral direction as Figures 7.8j), k) and l) show.

XRD measurements and Raman spectroscopy were performed on the deposited

structures. Figure 7.9a) shows the XRD patterns.

No XRD patterns were observed for the nanowire samples. For the depositions

that consist of nanocrystallites, the XRD patterns, shown in Figure 12a), reveal a

preferred crystal growth orientation along the (020) crystallographic plane. Fig-

ure 7.9b) represents the Raman spectra of the depositions. As to be expected

from the elevated temperatures during deposition, there is no water detected

in any of the samples, as the absence of the signal around 950 cm−1 indicates.

Furthermore, there was no apparent significant change in chemical composition

observed for higher oxygen partial pressures, indicating that only the morphology

of the samples changes. SAED measurements performed on a crystallite deposi-

tion performed at PO2 = 3.1·10−3 mbar, yielded the same lattice parameters as
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Figure 7.9: a) XRD patterns and b) Raman spectra of WO3−x deposited for
durations up to 30 min using I = 8.0 A with additional heating of the substrates
at various oxygen partial pressures.

found for the nanowire deposition conducted at PO2 = 2.4·10−3 mbar, shown in

Chapter 6. Both for the nanowire and the nanocrystallite deposition the SAED

patterns reveal that the crystal phase that is most abundant in the collected ma-

terial is the monoclinic W24O68 (O/W = 2.83) phase (JCPDS 36-0103). Hence,

the results from these SAED measurements confirm the results from Raman spec-

troscopy that the morphologically different nanostructured depositions have an

equal chemical composition.

The thicknesses of the depositions using substrate heating and various oxygen

partial pressures were determined using HRSEM on the fractured edges. Figure

7.10a) presents the results.

Figure 7.10: a) Deposition rate as a function of oxygen partial pressure for dura-
tions up to 30 min using I = 8.0 A and heated substrates. b) Substrate surface
temperature as measured in situ.
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The internal morphologies of the samples, viz. particles, wires, crystallites and

closed crystallites, are indicated in the figure. The filled round symbols corre-

spond to measurements of the thickness of depositions for which the bottom of

the substrates was not additionally heated during deposition; these films consist

of nanoparticles and the results were also shown in Figure 7.3a). The open sym-

bols correspond to depositions for which the substrates were additionally heated

during deposition to Tsurface = 700±100 ◦C. The thicknesses of the nanowire de-

positions are only indicative, since they are not well-defined.

Figure 7.10b) represents the substrate surface temperature as monitored in situ

(at the film side) during the depositions using additional heating of the substrates.

For the nanowire depositions the substrate surface temperature was slightly lower

compared to the other depositions, however, the difference in temperature is con-

sidered to be less important than the difference in oxygen partial pressure. Figure

7.11 shows a schematic drawing of the WO3−x growth structures that are observed

using HWCVD.

Figure 7.11: Schematic drawing of the growth of WO3−x structures using
HWCVD.
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Optical measurements using UV-VIS were conducted on the depositions that

were deposited on Corning glass substrates using additional substrate heating

to Tsurface = 700±100 ◦C. As mentioned HRSEM revealed that the morphology

of the depositions is the same as for the depositions on glassy carbon substrates,

not shown. Figures 7.12a), b) show the results of the optical transmission and

reflection measurements.

Figure 7.12: a) Total transmission (T ) and b) total reflection (R) of WO3−x
deposited at various oxygen partial pressures using I = 8.0 A for durations up to
30 min using additional substrate heating to Tsurface = 700±100 ◦C as a function
of wavelength and c) the optical indirect band gap (BG) as a function of oxygen
partial pressure. The BG value of c-WO3, viz. 2.6 eV, is indicated by a solid line.

The transmission and reflection drop at higher wavelengths as higher oxygen

partial pressures are used. The depositions were all synthesised using elevated

substrate surface temperatures, which means, that none of the depositions are

hydrous and they all consist of fully crystallised WO3, which was observed by

Raman spectroscopy and XRD. The average band gap of the depositions in this

series, shown in Figure 7.12c), amounts to 2.6±0.1 eV, in agreement with reports

in the literature for room-temperature monoclinic crystalline γ-WO3 [242, 243].

However, the transmittances of these depositions drop for higher wavelengths with

increasing oxygen partial pressure, as Figure 7.12a) shows. The only apparent dif-

ference is the internal morphology of the deposited structures that constitutes this
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difference in optical properties. Therefore, the difference in transmittances of the

depositions are attributed to different scattering properties.

To determine the amount of scattering and the possible presence of a preferred

crystal growth direction in the depositions, ARS measurements were conducted.

Furthermore, the amount of diffuse transmitted light was determined by measur-

ing the haze, defined as the diffuse transmission divided by the sum of the diffuse

and specular, viz. total transmission, of the depositions. Figure 7.13 shows the

results.

Figure 7.13: Optical measurements on WO3−x deposited at various oxygen par-
tial pressures on Corning glass substrates heated to Tsurface = 700±100 ◦C. a)
ARS intensity as a function of scattering angle. The measurement result of PO2

= 6.8·10−4 mbar is not shown. b) Haze as a function of wavelength. The mea-
surement result of PO2 = 7.0·10−4 mbar is not shown.

The results from the ARS measurements show that for low oxygen partial pres-

sures, i.e. the nanowire depositions, the scattering is very weak. For higher oxy-

gen partial pressures, the scattering of the deposited films indeed increases. No

preferred crystal growth direction is observed, indicating that the crystallisation

parallel to the substrate is sufficiently large compared to the crystallisation per-

pendicular to the substrate and differences in optical properties of these direc-

tions are obscured. The ARS measurements did not confirm the preferred crystal

growth direction along the (020) crystallographic plane as was found by XRD,

however, the latter is more sensitive for this purpose.

The haze measurements confirm that the diffuse scattered light increases for

higher oxygen partial pressures. The volume-density of the depositions increases

going from nanowire type depositions to the completely closed crystallite deposi-

tions. The scattering and haze of the depositions using oxygen partial pressures

of 1.0·10−4, 6.7·10−4 and 7.0·10−4 mbar is very low, presumably due to light
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trapping in these nanowire depositions.

7.4 Conclusions and remarks

The growth conditions of WO3−x using the HWCVD method are categorised.

The filament temperature seems of modest importance in the HWCVD process,

since only the deposition rate is affected by a factor of about five when the fil-

ament temperature is changed in a wide range of 1390-2340 ◦C for an oxygen

partial pressure of 4.0·10−4 mbar. Films that are deposited using such conditions

are nanogranular with high averaged transparencies of over 70% and very low

absorption for visible light, rendering them of interest to transparent metal oxide

thin film applications. The average band gap of the films amounts to 3.3±0.1 eV.

The oxygen partial pressure greatly affects the deposition rate by a factor of

about 41000 when the oxygen partial pressure is varied in the range of 6.0·10−6-1.0

mbar for a filament current of 8.0 A. The deposited films are of a mixed amor-

phous/crystalline phase, are hydrous and exhibit nanograins with sizes of about

20 nm. For pressures of 1.0 mbar, powder films are deposited with ultrahigh

deposition rates of 36 µm·min−1; the resulting morphology consists of nanocrys-

tallites of about 7 nm. Such powder films have a very high specific surface area of

121.7±0.4 m2·g−1. The nanogranular films exhibit high averaged transparencies

of over 70% and show very low absorption for visible light. Such films are also of

interest to transparent metal oxide thin film applications. The obtained average

band gap amounts to 3.3±0.1 eV.

The preparation, by HWCVD, of a new kind of nanostructured WO3−x with

very high surface areas is presented. Depositions are synthesised using various par-

tial oxygen pressures on substrates with an elevated temperature, the resulting

internal morphologies vary from particles, wires and crystallites to closed crys-

tallites. The lengths and widths of the nanowires can be controlled by varying

the oxygen partial pressure, whereby higher pressures yield shorter and thicker

wires. The deposited structures are non-hydrous and crystalline with the mono-

clinic WO3 phase. The average band gap of the depositions amounts to 2.6±0.1

eV.

For this study glassy carbon and Corning substrates were used. As long as

the substrate can withstand high temperatures, a versatile collection of substrates

could be used. For instance, silica substrates were also successfully used.



CHAPTER8

Preparation of Partially Reduced Nanostructured
WO3−x by Deposition of WO3−x in the Presence

of Hydrogen

The admission of hydrogen during the hot-wire chemical vapour deposition of

WO3−x is studied with the intend to vary the oxygen content of the deposited

nanostructures and nanostructured thin films. To this end resistively heated tung-

sten filaments are exposed to a combined air/hydrogen flow at various subatmo-

spheric pressures. The substrates are either heated by thermal radiation from the

filaments or additionally by heating from the bottom of the substrates. The aim

of the study is to investigate to what extend heterogeneous films that consist of

layers of varying oxygen concentrations can be synthesised in a single deposition

process. The effects of the reduction by the atomic hydrogen on the crystallinity,

internal and external morphologies and atomic composition are investigated.

127
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8.1 Introduction

In the previous chapter it has been shown that the hot-wire chemical vapour

deposition (HWCVD) technique is very suitable for the deposition, with a very

high rate, of WO3−x thin films with varying nanostructured morphologies. It is

worthwhile to investigate whether the oxygen content of the WO3−x films can be

varied thus that films of a uniform chemical composition can be established, or

possibly, that the chemical composition can be tailored. For instance, a-WO3 is

highly resistive with an optical indirect band gap of 3.3±0.1 eV [240, 241, 252]

and c-WO3 exhibits an indirect optical band gap of 2.6±0.1 eV [242, 243, 252],

whereas both amorphous and crystalline WO3−x have a band gap that decreases

with decreasing oxygen content [3, 169, 244–246] and metallic tungsten is an ex-

cellent electrical conductor. Very recently, in 2011, Vasilopoulou et al. [169] used

thin layers of WO2.5 in a hybrid organic-inorganic optoelectronic device as an ef-

ficient electron injection/transport interfacial layer. Additionally, WO3 was used

as an efficient hole injection/transport layer, thereby improving device character-

istics.

It has been often stated that stoichiometric tungsten trioxide, WO3, is the

most stable phase [253] and most easily formed tungsten oxide. In this thesis

it has been shown by Rutherford backscattering spectrometry (RBS) in Chap-

ter 6, section 6.3.3, that with the HWCVD method slightly understoichiometric

tungsten oxide is deposited. For films deposited during 5, 15, 30 and 60 min the

atomic O/W ratio amounts to 2.66 ± 0.40, 3.00 ± 0.08, 2.97 ± 0.06 and 2.94

± 0.03, respectively. Selected-area electron diffraction measurements on individ-

ual nanowires and on a collection of crystallites deposited on a substrate heated

to Tsurface = 700±100 ◦C, reveal that the most likely phase of the deposited

nanowires and of the crystallites is the W24O68 (O/W = 2.83) phase. The liter-

ature mentions that WO3 can be reduced and WO3−x can be further reduced to

sub-stoichiometric intermediate phases, such as, WO2 (O/W = 2.00) [207, 208],

β-tungsten oxide W20O58 (O/W = 2.90) [254], W18O49 (O/W = 2.72) [195, 255]

and W40O118 (O/W = 2.95) [256] depending on the reducing agents, such as, H2

[168, 195, 257–259], C [260], CO [261], and NH3 [209].

The objective of this research is to investigate whether tungsten oxides can

be reduced during the WO3−x deposition by introduction of hydrogen into the

system. It is interesting to assess whether a partial reduction of the films to

metallic tungsten is viable. A tungsten oxide layer on a good electrical conductor

as metallic tungsten can provide interesting applications. After deposition of the

tungsten oxide on a substrate, the exposure to hydrogen results in reduction to

tungsten oxides of a lower oxygen content or to metallic tungsten. The thermo-

dynamic stability of tungsten oxides at different temperatures is summarised in
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Figure 8.1, in which the log of the equilibrium constant Kp, the proportion of the

water vapour and the hydrogen partial pressures, is indicated as a function of the

temperature (in K).

Figure 8.1: Evolution of the log of the ratio PH2O/PH2 as a function of temper-
ature. Reproduced from Hasegawa et al. [262].

The figure shows that thermodynamically the following reduction processes may

occur:

WO3 → WO2.90 → WO2.72 → WO2 → W for T> 620 ◦C (5.1)

WO3 → WO2.90 → WO2 → W for T< 620 ◦C (5.2)

Metallic tungsten and WO2 are in equilibrium at 560 ◦C and at a water vapour

pressure which is only 10% of the hydrogen pressure. Accordingly, reduction to

metallic tungsten is calling for either a high temperature or a very low water

vapour pressure. The reduction of tungsten oxides to lower tungsten oxides or

metallic tungsten leads to formation of water, which shifts the equilibrium from

metallic tungsten to tungsten oxides. Hence, when the water partial pressure in-

creases the reduction rate decreases.

It is important that the deposition of tungsten oxide on substrates kept at

high temperatures leads to formation of porous films containing pores oriented

perpendicularly to the substrate, as will be shown in this chapter. The trans-

port of water vapour through the pores is important, since it determines local

water/hydrogen proportion within the porous film. Water will be transported

significantly slower through the pores than hydrogen. Consequently, the local wa-

ter/hydrogen proportion can differ in a direction perpendicular to the substrate
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and the ability to reduce tungsten oxide to metallic tungsten. A slight difference

in temperature between the bottom and the top of the film can affect the trans-

port of water vapour through the pores.

Since the temperature of the films during the deposition in the presence of

oxygen and hydrogen is highly important, it is necessary to establish the tem-

perature of the substrate. The presence of hydrogen, which has a relatively high

thermal conductivity, affects the temperature of the filaments from which the

films are deposited as well as that of the substrate. The temperature of the fila-

ments can be further affected by the dissociative adsorption of hydrogen and the

thermal desorption of atomic hydrogen, which proceeds at temperatures above

about 1360 ◦C [88]. Therefore, in a separate experiment the temperature of the

substrate at different hydrogen pressures is determined, since the temperature of

the filaments cannot be measured directly in the CANTOR reactor (described in

Chapter 2, section 2.1) used for the depositions. Figure 8.2a) shows the results

of the substrate surface temperature measurements as the substrate was heated

by thermal radiation from the filaments in the hydrogen environment of various

pressures.

Figure 8.2: Substrate surface temperature as a function of time for various a)
hydrogen pressures using a filament current of 8.0 A and b) for various filament
currents using a vacuum of 1.0·10−7 mbar. The dotted line is an estimate trend
for the threshold temperature for H2 dissociation of 1360 ◦C.

The results show that the addition of 100 sccm of hydrogen of a pressure of 0.5

mbar (open circles) already significantly lowers the substrate surface temperature

compared to the values obtained at a vacuum of 1·10−7 mbar (closed stars). At

higher hydrogen pressures the temperature drops further. The substrate surface

temperature attained after 30 min (i.e. the standard duration for depositions) us-
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ing a hydrogen pressure of 0.5 mbar amounts to about 220 ◦C. Figure 8.2b) shows

the results of substrate surface temperature measurements performed in vacuum

for different filament currents used, also presented in Figure 7.1c) in Chapter 7.

For a filament current of 6.0 A in vacuum, the substrate surface temperature at-

tains a value of about 235 ◦C after 30 min. Hence, the addition of 100 sccm H2

of a pressure of 0.5 mbar in the CANTOR can be compared to a lowering of the

filament temperature in vacuum of about 370 ◦C from 2160 ◦C (8.0 A) to 1790 ◦C

(6.0 A) after a period of 30 min. Higher hydrogen pressures correspond to lower

filament currents and temperatures. For a filament current of 3.8 A the filament

temperature in vacuum amounts to 1360 ◦C, derived from equation (7.1) provided

in Chapter 7, this is the temperature required for the dissociation of hydrogen

[88]. For a deposition performed using a current of 3.8 A, the substrate surface

temperature would amount to about 100 ◦C after 44 min, an estimated trend is

indicated by the dotted line in Figure 8.2. For all of the hydrogen pressures in-

vestigated, the substrate surface temperature was significantly higher, hence the

filament temperature during all described depositions was still high enough for

hydrogen to be dissociated. However, hydrogen atoms quickly recombine back

to molecular hydrogen. The thermodynamics of the reduction of tungsten oxide

are not affected by the presence of atomic hydrogen. The kinetics, however, are

affected when the mean free path l of hydrogen is large enough, such that atomic

hydrogen can reach the deposited tungsten oxide films. The mean free path of

the constituent molecules of air is calculated with equation (5.3).

l = kBT√
2πd2p

(5.3)

In which kB represents the Boltzmann constant, T is the temperature (in K), p is

the pressure and d the diameter of the gas molecules. Figure 8.3 shows the mean

free path calculations for various pressures and temperatures of particles in air (d

= 0.32 nm) and atomic hydrogen (d = 0.24 nm).

For the pressures used in this research, of 0.25-5 mbar, the mean free paths

are smaller than the 1 cm filament-to-substrate distance. However, the mean free

paths are not very much smaller. Due to the high temperature of the filaments

(Tfilament = 2433 K in vacuum), which are fixed at the ends, thermal expansion

causes bending of the filaments, which in some cases, results in the filament-to-

substrate distance to vary to 1 ± 0.5 cm. Now it is very well possible that atomic

hydrogen reaches the tungsten oxide on the substrates. In fact, in the study on

carbon nanotubes it was found that nickel films are much more effectively reduced

with the filaments heated than without (at hydrogen pressures of 0.24 mbar and
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Figure 8.3: Evolution of the mean free path of particles in air and atomic hydrogen
as a function of temperature at various pressures.

even for pressures as high as 1.0 mbar), not shown. This experimentally verifies

that the atomic hydrogen species reaches the substrate.

8.2 Experimental

All depositions are performed on glassy carbon wafers in the CANTOR, described

in Chapter 2, section 2.1. The descriptions of the setups employed with the char-

acterisations of the films are presented in section 2.2. The depositions described

in this chapter involve a combined air/hydrogen flow. An increase of the total

pressure causes an increase in the partial pressures of both air and hydrogen. The

pressures are related as follows:

Ptotal = Pair+PH2 (5.4)

Pair = (Φair/Φtotal)·Ptotal (5.5)

PH2 = (ΦH2/Φtotal)·Ptotal (5.6)

PO2 = 1
5 ·Pair (5.7)

In which Ptotal, Pair, PH2 and PO2 represent the total, air partial, hydrogen

partial and oxygen partial pressure, respectively. Φtotal, Φair and ΦH2 represent

the total, air and hydrogen flow, respectively.
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8.2.1 Reduction procedure

To study the effect of a combined air/hydrogen flow on the deposition of WO3−x
thin films, films were synthesised with a filament current of 8.0 A using an air flow

of 21±7 sccm and a H2 flow of 100 sccm using various total gas pressures of 0.25-

5.0 mbar. An excess of hydrogen can prevent oxidation of the filaments. Umemoto

and Moridera, who in a different context investigated the production of reducing

and oxidising radicals at heated tungsten filaments, used a ratio of PH2/PO2

> 83 to prevent oxidation of the filaments [263]. From equations (5.5)-(5.7), it

follows that: PH2/PO2 = 5·ΦH2/Φair ≈ 24, for the experiments described here.

A number of films was thus synthesised, either with or without additional heating

at the bottom of the substrate. Although, in the case of additional heating, the

sample stage #1 was ramped to its maximum, which leads to a substrate surface

temperature of about 900 ◦C (shown in Figure 4.2), in the hydrogen environments

the thermal conductance of the hydrogen cools the sample stage. Hence, the

substrate temperatures were lower, but still above 750 ◦C. The depositions lasted

for 30 min, after which the current through the filaments was turned off and then

the H2 flow. It is important that the air flow was continued as the films cooled.

The deposition rates and internal morphologies are determined by high-resolution

scanning electron microscopy (HRSEM) on the fractured edges of the films. RBS

measurements are conducted to study the evolution of the total number of atoms

in the films, which allows a verification of the evolution of the deposition rate and

provides the elemental compositions of the films. With Raman spectroscopy and

X-ray diffraction (XRD), chemical bonds and the crystal phases are determined,

respectively.

8.3 Results

Figure 8.4 compares the thicknesses of films deposited in an air flow (open sym-

bols) and in a hydrogen/air flow (closed symbols), also the measurement results

of SEM and RBS are compared. Figure 8.4a) shows the deposition rate of the

WO3−x depositions as a function of the oxygen partial pressure and 8.4b) shows

the RBS measurement results of the depositions, also as a function of the oxygen

partial pressure. Figures 8.4c) and d) show the deposition rate as a function of

total (air+H2) and as a function of air partial pressure, respectively. The oxygen

partial pressure amounts to 1
5 of the air partial pressure.

The results for the depositions performed using air/H2 (open symbols) show

that an increase of the pressure (oxygen, air or total) initially increases the de-

position rate up to a certain pressure, and then the deposition rate decreases.

Comparison of the data in Figures 8.4a) and b) allows a confirmation of the trend
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Figure 8.4: Deposition rate of WO3−x deposited using air and air/H2 as a function
of a),b) oxygen partial pressure, c) total (air+H2) pressure and d) air partial
pressure. The measurement errors are smaller than the height of the symbols.
The data in b) are determined using RBS, all other data is obtained with SEM.

of the deposition rate with the oxygen partial pressure. The results shown in

Figure 8.4c) reveal that an increase of the total pressure initially increases the

deposition rate up to a pressure of 1.0 mbar, for higher total pressures the deposi-

tion rate drops again. The deposition rate as a function of the air partial pressure

follows a similar trend, with its maximum at 0.16 mbar. The measurement results

from depositions using only an air flow are also presented in Figure 7.3 of Chapter

7. It is seen that when only air is used an increase in total pressure brings about

an unlimited increase in deposition rate. Hence, the drop in deposition rate for

the films deposited using the air+hydrogen flow at total pressures beyond 1.0

mbar, is due to an increase of the hydrogen partial pressure. At this pressure the

temperature of the filaments has dropped thus that the adsorbed hydrogen atoms

can react with the adsorbed oxygen atoms to water, which desorbs. The lower

oxygen coverage brings about a lower volatilisation of tungsten oxide.

Raman spectroscopy and XRD measurements have been performed on the de-

posited films using air+hydrogen to determine whether the films are crystalline.
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Two cases must be distinguished. The first case is the deposition of thin films

without additional substrate heating, for this situation only the thermal radia-

tion from the filaments heats the substrate and the substrate temperatures are

given by the measurement results presented in Figure 8.2a). The films deposited

on substrates that were not heated did not exhibit a X-ray diffraction pattern,

which indicates that the films were X-ray amorphous. Since the substrate tem-

peratures were far below the crystallisation temperature of WO3 of 350-390 ◦C

[159, 161, 162, 194, 221], the absence of a X-ray diffraction pattern is to be ex-

pected. The water vapour pressure was much too elevated to make reduction to

metallic tungsten possible, as indicated by the data of Figure 8.1. The Raman

spectra measured on all the films deposited on a substrate of a low temperature

were all very similar. Figure 8.5 shows a single representative spectrum (indicated

by ”no extra heating”), which displays a broad band centered at about 950 cm−1

characteristic for amorphous WO3. The band is attributed to terminating oxygen

atoms in weak interaction with water molecules [185, 226].

Figure 8.5: a) Representative Raman spectrum and b) representative XRD pat-
tern of films deposited on substrates heated with and without additional substrate
heating using various total (air+hydrogen) gas pressures.

For the second case, for which additional substrate heating was employed,

such that the substrate surface temperature exceeded 750 ◦C, the Raman spectra

are also very similar. Figure 8.5a) shows a single representative spectrum (indi-

cated by ”extra heating”). It exhibits features that are different from the spectra

that were obtained for the deposition time study in Chapter 6, in which a tran-

sition of a-WO3 to monoclinic c-WO3 was observed. Here, the Raman spectra
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of these films show a broad c-WO3 signal peaking at 325 cm−1 revealing W-O

bonds. Also, signals at around 360, 450, 700 cm−1 and around 850 cm−1 are

observed. These signals are ascribed to a monoclinic c-WO3 phase. It was mea-

sured by Boulova and Lucazeau [185] in tungsten oxide films under high-pressure,

viz. 31GPa, in that study the WO3 form was named HP4. The band at 850

cm−1 was also measured by Chan et al. for tungsten oxide on alumina calcined at

high temperatures of 950 and 1000 ◦C. In the study presented here, all observed

Raman peaks are of low intensity and exhibit a broad profile and thus correspond

to not well-crystallised material. Apparently, although the temperature during

the depositions exceeded 750 ◦C, no well-crystallised WO3 formed.

Figure 8.5b) shows a typical XRD pattern for the case of additional substrate

heating. The XRD pattern does not reveal c-WO3 phases. However, the XRD

pattern clearly shows X-ray diffraction patterns characteristic of metallic tung-

sten (bcc α-W, ICDD #04-0806). The diffraction maxima are narrow, which

indicates that the tungsten crystallites are not small. From the thermodynamics

of Figure 8.1, reduction to metallic tungsten can be expected even at significant

water vapour pressures. It is important that after the deposition the reactor was

cooled to room temperature maintaining the air flow of 21 sccm. Since the rate of

reduction by hydrogen drops faster with the temperature than that of the surface

oxidation, a significant oxidation of the surface of the metallic tungsten films can

be expected. Oxidation of the tungsten films is evident from the Raman spectrum

represented in Figure 8.5a).

RBS measurements have been performed to verify the trend of the deposition

rate versus the air partial pressure that was observed using HRSEM measure-

ments. Figure 8.6a) shows the HRSEM results together with the total gas pres-

sures. Figure 8.6b) shows the atomic areal density of O+W atoms obtained with

RBS, which can be considered as a total atom deposition rate.

The RBS and HRSEM results show that the deposition rate increases with

air partial pressure and with total pressure. As higher total pressures are used,

the increased air partial pressure gives rise to an increase of the deposition rate,

as shown in Figure 8.4. The increased hydrogen partial pressure, on the other

hand, leads to a decrease in deposition rate, as was explained earlier in this

section. These are two counter acting mechanisms, a total gas pressure of 1.0 mbar

appears to be a transition pressure. Figure 8.6c) shows the separate evolution

of the atomic areal density of O and W atoms as a function of the air partial

pressure. Figure 8.6d) shows the evolution of the atomic O/W ratio. The films

deposited using additional heating are denoted by open stars. Only in Figure

8.6d) this distinction is explicitly shown. The films deposited without additional

heating are denoted by closed stars. Two immediate observations are apparent.

The first is that for the films deposited with additional substrate heating have
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Figure 8.6: a) Deposition rate (in nm·min−1) as determined by HRSEM. b) O
+ W atom deposition rate (in 1015 atoms·cm−2·min−1) as determined by RBS.
c) O and W atom deposition rate (in 1015 atoms·cm−2·min−1). d) Atomic O/W
ratio. The indicated trend lines are guides to the eye. The total gas pressures are
indicated.

a significantly lower oxygen content than the films deposited without additional

heating. The second observation is that even for the films deposited without

additional substrate heating the oxygen content is significantly lower than three,

which shows that even for those films considerable reduction takes place.

The RBS measurements yield information about the distribution of the oxygen

throughout the films; the depth profiles of the tungsten and the oxygen in the

films can be evaluated. As representative examples the films deposited using

total pressures of 0.25 mbar (with additional heating), 2.0 mbar (with additional

heating) and 1.5 mbar (without additional heating), are chosen. The morphologies

of the films are also shown. Figures 8.7a),b) and c) present the RBS energy profiles

and the results of simulations performed with the analysis package Rutherford

Universal Manipulation Program (RUMP) [25]. Figures 8.7d), e) and f) represent

the corresponding HRSEM images, respectively.

From the RBS spectra it is apparent that none of these films exhibit a homo-

geneous atomic composition. This can be seen by either the O profile (left) or

the W profile (right), or both. The films posses oxygen concentration gradients.

The O profile shown in Figure 8.7a) shows a step, which indicates a superposi-

tion of an O-rich top-layer and an O-poor bottom-layer. Figure 8.7d) shows the
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Figure 8.7: a),b),c) Measured and simulated RBS spectra, the surface energies
for W and O atoms of backscattered 2 MeV He+ ions at a detector angle of 170◦

are indicated in the graphs, and d),e),f) corresponding HRSEM images in cross-
sectional view (left) and top-view (right) of depositions performed using Ptotal =
0.25 mbar (with substrate heating), 2.0 mbar (with substrate heating) and 1.5
mbar (without substrate heating), respectively. The scale bars represent 200 nm.

corresponding HRSEM images of the deposited material. The left image shows a

cross-sectional view and the right image shows a top-view. The deposited material

consists of a multigrained film of a thickness of about 100 nm with a top-layer that

consists of nanorods of a thickness of about 150 nm. Thus, the HRSEM images

confirm the RBS measurement which shows a two-layered composition. The lower

limit of the length of the nanorods amounts to 165 ± 40 nm and the diameter of

the cross-sections amounts to 25 ± 5 nm. The material deposited resulted from

deposition at a total gas pressure of 0.25 mbar, an air partial pressure of 0.037

mbar and additional substrate heating. The fairly thin film was oxidised after

the deposition, during the cooling stage, which resulted in an oxygen-to-tungsten

proportion of about unity. Oxidation of the tungsten films is shown by the mea-

sured Raman spectrum represented in Figure 8.5. The HRSEM images indicate
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the presence of asperites or nanorods, which can be expected for a relatively low

rate of deposition and a high surface mobility of the deposited species.

The RBS spectrum shown in Figure 8.7b) also displays an oxygen concentra-

tion gradient, which is more clearly illustrated by the W profile. A small step is

observed from high energies to low energies, after which the W signal increases

steeply and then increases more slowly. The origin of this is a relatively small

W atomic areal density in the top-region of the film, followed by an elevated W

atomic areal density, which increases towards the interface of the film and the sub-

strate. Hence, the RBS measurement suggests a two-layered composition. The O

and W contents in the films are coupled, hence for the O content the reverse is

true. An oxygen concentration gradient is present in the film with decreasing O

content towards the interface of the substrate and the film. The corresponding

HRSEM images, shown in Figure 8.7e), also display a nanogranular film with a

nanorod surface morphology. It is clearly seen that the nanogranular part of the

film consists of a two-layer structure. The thickness of the surface nanorods is too

small compared to the multigranular part of the deposition to be discerned in the

RBS spectrum. The material deposited resulted from deposition at a total gas

pressure of 2.0 mbar, an air partial pressure of 0.42 mbar and additional substrate

heating.

The RBS spectrum in Figure 8.7c) exhibits a W profile that is opposite of

the two previously discussed profiles. The RUMP simulation reveales a two-layer

morphology, with an O-poor top-layer and an O-rich bottom-layer. This film

was deposited without additional substrate heating at a total gas pressure of 1.5

mbar and an air partial pressure of 0.24 mbar. The HRSEM image confirms a two-

layered structure with a top-layer that exhibits a columnar growth structure. The

observed columnar structure is due to the high growth rate of vapour-deposited

films in the direction of the incident species being deposited. The high growth

rate is due to a rapid deposition and a relatively low mobility of the deposited

species. The result is that the growing film contains surfaces at relatively narrow

pores that are more or less parallel to the direction of the incident species being

deposited and that are consequentially not growing in a direction perpendicular

to the surface. Initially the diameter of the columnar crystallites is fairly small

and the direction of the surfaces oriented in the direction of the incident species

being deposited varies. When the thickness of the film increases, the surfaces

oriented at an angle significantly differing from zero with the incident species

will be removed by a slow growth perpendicular to the surface and coalescence

with another surface and only surfaces essentially parallel to the incident beam

of species deposited will remain.
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8.4 Discussion

8.4.1 Reduced deposition rates at elevated pressures

In the previous section, in Figure 8.4c), it was shown that for depositions involving

a combined air/H2 flow the deposition rate increases with total pressure up to

about 1.0 mbar and decreases for higher pressures. The decrease is due to the

higher hydrogen partial pressures, which, as shown in Figure 8.2 also bring about

lower filament temperatures. In Chapter 7 it was shown that a reduction of the

filament temperature below 2070±30 ◦C (or 7.5 A), causes a lowered deposition

rate, due to a decreased desorption of tungsten oxides. Hence, the observed trends

of lowered deposition rates for higher pressures in Figures 8.4 and 8.6a),b) and c)

are explained by a significant reduction of the filament temperature, which causes

the desorption of tungsten oxide species to slow down. There is an additional

effect that slows the desorption of tungsten oxides further down, however. Since

the heat of adsorption of hydrogen is significantly lower than that of oxygen,

the hydrogen coverage is very low at high filament temperatures. But, at higher

partial hydrogen pressures, and thus lower filament temperatures, the hydrogen

surface coverage on the tungsten filaments is increased. Furthermore, the lowered

filament temperature causes a prolonged lifetime of hydrogen adatoms on the

tungsten surfaces. A study by Umemoto and Moridera [263] revealed that in

a O2/H2 environment at lower tungsten filament temperatures (below 2000 K

or 1727 ◦C), the coverage with hydrogen atoms that are highly mobile over the

tungsten surface rises and thus the catalytic reaction increases between oxygen

and hydrogen adatoms to form rapidly desorbing water and OH radicals. This

mechanism occurs at the expense of desorbing tungsten oxide species and hence

lowers the deposition rate.

8.4.2 Reduction process

When no substrate heating is employed the deposited films are found to consist

of amorphous WO3−x. For these films, XRD reveals no patterns of metallic

tungsten, which indicates that no complete reduction to cubic α-W proceeds.

With RBS, however, atomic O/W ratios that are significantly lower than three

are observed, hence partial reduction must take place. Even for total pressures

as high as 4.0 mbar, as Figure 8.6a) shows, and thus for substrate surface

temperatures as low as 80-180 ◦C, as Figure 8.2a) shows, the reduction takes

place. The reduction of WO3−x proceeds in intermediate steps [262, 264, 265]. A

X-ray study performed by Wilken et al. [264] revealed that the reduction in H2

of blue tungsten oxide, viz. WO2.96, to metallic tungsten is a multi-step process

which involves the species WO2.9, WO2.72, WO2, β-W and α-W. These species
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were earlier identified and characterised by Magneli et al. [266]. The stable body

centered cubic (bcc) structure of tungsten is denoted by α-W [267, 268]. The

phase β-W is a ”low-temperature” metastable form of α-W.

The reduction mechanism adopted in the literature [262], as provided by

Hasegawa et al., for the post-deposition reduction of WO3 using molecular

hydrogen, is given by the following reactions:

1/0.10 WO3 + H2 = 1/0.10 WO2.90 + H2O

1/0.18 WO2.90 + H2 = 1/0.18 WO2.72 + H2O

1/0.72 WO2.72 + H2 = 1/0.72 WO2 + H2O

1/2 WO2 + H2 = 1/2 W + H2O

It is evident that in every intermediate step water is a byproduct. In the research

presented here, the situation is more complex. Not only is the reduction of

intermediate tungsten oxide phases itself very complex and depends on the local

partial water vapour pressure, here additional reactive species are produced at

the filaments. No complex treatise on the possible chemistry involved in the

reduction process is provided here, the process is instead briefly discussed. The

initial product consists of two tungsten filaments, the external surfaces of which

are oxidised in a combined air+H2 flow. This results in the desorption of tungsten

oxide vapour species, which diffuses to a substrate. The tungsten filaments are

kept at about 2160 ◦C. Such an elevated temperature brings about the dissocia-

tion of molecular hydrogen [88] and molecular oxygen [263]. Water dissociates at

2250 ◦C [269]. The produced atomic hydrogen species is very reactive towards

e.g. molecular oxygen, which results in at least five possible reactions [270].

These reactions occur with species, such as, OH·, H·, ·O· and HO2·. Whereby X·
denotes a radical of the species X. The end product of each of these reactions

of intermediate hydrogen and oxygen species is, however, only water. For the

tungsten oxides that are deposited in the experiments of this thesis, the results

from XRD show that no intermediate tungsten oxide phases occur in significant

amounts after the reduction procedures. The vapour species WO3 and WO2

solidify on the substrate where they can be reduced by molecular and atomic

hydrogen species if the substrate temperature is high enough and/or the wa-

ter pressure is low enough. The reduction reaction is represented by reaction (5.5).

WO3−x(s) + z(H·(g)+1/2H2(g)) → WO3−x−z(s) + zH2O(g/l) (5.5)
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Where WO3−x(s) represents solidified tungsten oxide from the vapour species and

WO3−x−z(s) represents tungsten oxide that is reduced at the substrate. When the

water partial pressure increases the reduction rate decreases. This is an important

mechanism that explains the observed oxygen concentration gradients in the RBS

spectra. The RBS spectra shown in Figures 8.7a) and b) indicate that instead of a

homogeneous distribution of the oxygen over the deposited material, the oxygen

resides in the top-region of the material when it is deposited using additional

substrate heating. This is attributed to an increasing water partial pressure that

slows the reduction reaction down. At the start of the film deposition the water

partial pressure will be relatively low and the reaction proceeds readily. As the

deposition proceeds the production of water proceeds through the dissociation of

molecular hydrogen and oxygen and the subsequent recombination to water. Also,

the reduction of the tungsten oxide proceeds through the formation of water. As

a result, in the deeper regions of the films less oxygen is present and closer to

the film/air interface the oxygen concentration will be largest, as the RBS results

show. For the films that are deposited without using additional substrate heating,

the substrate surface temperature is very low at the beginning of the deposition,

such that, even with atomic hydrogen no reduction reactions proceed. However, as

the substrate surface temperature slowly rises due to thermal radiation, reduction

may proceed. This explains the observed low oxygen content in the top-regions

of the films.

As mentioned previously, when the depositions were stopped, the hydrogen

flow was turned off, but the air flow was continued. In order to exclude this as an

explanation of the elevated oxygen concentrations in the top-regions of the films,

additional depositions were performed, using similar conditions and additional

substrate heating, whereby the air flow and H2 flow were stopped simultaneously.

Figure 8.8 shows the RBS profile and HRSEM image of a representative film.

Figure 8.8: RBS spectrum. The inset shows a HRSEM image of a cross-section
of the deposited film.

The profile of the film is best simulated, by an analysis package called Simula-

tion of Nuclear Reaction Analysis (SIMNRA) [26], with a thick WO3.3 top-layer
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and a thin WO0.14 bottom-layer. Hence, the observed oxygen concentration gra-

dients for the films for which the air flow was stopped simultaneously with the

hydrogen flow originate from the same mechanism as for the films for which the

air flow was continued. Furthermore, the inset of Figure 8.8 shows that the films

do not exhibit a nanorod surface morphology, which, thus, can be ascribed to the

prolonged air flow. This is an interesting result, which in itself deserves attention.

In fact, in Chapter 10 it turns out to be a crucial effect that when a tungsten

surface is hot and an air flow streams over it, nanorods grow out of the tungsten

surface. Here, in this chapter, it was observed that nanorods grow when an air

flow of of 21±7 sccm is used, which establishes an air pressure of 2.0·10−3 mbar,

during the cooling of the films. For a nanowire, nanocrystallite, closed crystallite

and nanopowder film deposition, the external surfaces of the filaments that were

used were investigated using HRSEM. Figure 8.9a) shows the surface of a pristine,

unused tungsten filament.

Figure 8.9: SEM images of the external surfaces of heated tungsten filaments
cooled down in air of various pressures (indicated in the figure).

Figure 8.9b) shows the surface of a filament that was used for a nanocrystallite

film deposition using an air pressure of 4·10−2 mbar. A significant reduction in

filament diameter is observed. Figures 8.9c), d), e) and f) show the surfaces of
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the filaments after they were heated to 2160 ◦C and subsequently cooled down

to room temperature in air of a pressure indicated in the figures. Figure 8.9c)

shows a surface covered with structures that resemble asperites or nanorods, Fig-

ure 8.9d) reveals crystallites, Figure 8.9e) shows a surface covered with a closed

nanocrystallite film and Figure 8.9f) shows a nanopowder morphology. Hence, the

resulting morphology depends on the air pressure used during the cooling stage.

Interestingly, these morphologies are the same as the morphologies obtained for

the films that are deposited on remote glassy carbon substrates using these air

pressures, as shown in Chapter 7.

It is now possible to categorise the different morphologies and oxygen contents

of the films in a general scheme. Figure 8.10 shows a schematic drawing of the

WO3−x growth structures that are observed using air+hydrogen with HWCVD.

Figure 8.10: a)-d) Schematic drawing of the synthesis with HWCVD of WO3−x
using air/hydrogen of various pressures on additionally heated and not addition-
ally heated substrates.

Films deposited on heated substrates are readily reduced to metallic tungsten

when the substrate temperature is elevated (> 750 ◦C). For depositions performed

using an air partial pressure lower than 0.08 mbar, thin granular metallic tungsten

films are deposited. The cooling of the films in an air flow results in the formation

of WO3−x nanorods on the tungsten films. The cooling of the films was exe-

cuted in air of a pressure of about 2.0·10−3 mbar. The resulting films consist of a
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W/WO3−x (film/rods) configuration and are composed of highly oxygen-deficient

bottom-regions whereby the oxygen content increases towards the interface of the

film and the ambient; this is depicted in Figure 8.10a). When higher pressures are

used, and thus both the air partial and hydrogen partial pressures are increased,

the deposition rate increases, resulting in thicker films. As the deposition pro-

ceeds, however, the formation of water terminates the reduction process, which

brings about the deposition of WO3−x films. Also for these films, the cooling in

an air flow results in the formation of WO3−x nanorods. The resulting deposition

consist of a W/WO3−x/WO3−x (film/film/rods) configuration and are composed

of highly oxygen-deficient bottom-regions whereby the oxygen content increases

towards the interface of the film and the ambient; this is depicted in Figure

8.10b). For depositions whereby the cooling is performed in vacuum, no surface-

oxidation occurs, resulting in W/WO3−x (film/film) configurations. The external

surfaces of such deposited films are relatively smooth. This is represented by

Figure 8.10c). For depositions without additional heating, the reduction proceeds

ineffectively when the temperature is still low. As the temperature increases, the

reduction proceeds more effectively, hence the oxygen content decreases towards

the interface of the film and the ambient, resulting in WO3/WO3−x (film/film)

configurations. Furthermore, the low temperature yields island growth resulting

in columnar growth. This is depicted in Figure 8.10d).

8.5 Conclusions

The results of the reduction experiments during the deposition of WO3−x indicate

that atomic hydrogen in combination with a substrate temperature in excess of a

temperature as low as about 80-180 ◦C can already, although inefficiently, partially

reduce the tungsten oxide species that are present on the substrate as the film is

formed. For such low substrate temperatures the reduction only takes place at the

top-region of the deposited material, while the bottom-region remains unreduced.

This provides a synthesis procedure that yields substoichiometric WO3−x films on

insulating WO3 films in a single deposition run. It would be very interesting to

further investigate to what extend the reduction process can be utilised to obtain

heterogeneous films with varying oxygen concentration gradients.

At enhanced substrate temperatures the reduction is more effective. For rela-

tively low air pressures of up to 0.08 mbar, metallic tungsten films are obtained.

For higher air pressures multi-grained films are deposited. However, as the depo-

sition proceeds and hence also the reduction, water is formed. The increase of the

water partial pressure slows the reduction reactions down. This leads to films with

a metallic W bottom-layer and a relatively O-rich top-layer, which is depicted by
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a W/WO3−x configuration. When the deposition is stopped, by turning off the

current through the filaments, and the hydrogen flow is turned off while the air

flow is kept, leading to an air pressure of 2.0·10−3 mbar in the reactor, the external

surfaces of the films exhibit oxidation and WO3−x nanorods are formed. HRSEM

images of tungsten filaments exposed to the air flows of various pressures revealed

that cooling of the tungsten filaments at air pressures of 2·10−3, 4·10−2, 5·10−1

and 5·100 mbar results in the formation of tungsten oxide nanorods, crystallites,

closed crystallite depositions and nanopowder, respectively, on the filaments.



CHAPTER9

Metallic W Nanostructures by Synthesis of WO3−x

and Subsequent Reduction in a Single Hot-Wire
Chemical Vapour Deposition Process

Here, the reduction of predeposited WO3−x nanostructured depositions is dis-

cussed. The effect of the reduction on the crystallinity, internal morphology and

atomic composition is investigated. A novel method is introduced for the deposi-

tion of metallic α-W nanostructures in a single deposition run.

9.1 Introduction

In Chapter 8 it is shown that by the introduction of hydrogen during the de-

position of WO3−x the oxygen content in the depositions is reduced. However,

the introduction of hydrogen also causes cooling effects that alter the deposition

rate and substrate temperature, and hence the morphologies of the depositions.

Here, nanostructured depositions with nanopowder, nanowire, nanocrystallite and

closed crystallite morphologies, as defined in Chapter 7, are exposed to a reducing

environment after the deposition. The effects on morphology and atomic compo-

147
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sition are studied. A continuous two-step deposition method (deposition followed

by reduction) is introduced for the synthesis of metallic tungsten nanostructured

depositions.

The transition metal tungsten has excellent physical and chemical proper-

ties, such as, a high melting point, low vapour pressure, high density and high

electron emissivity [269]. Various reports in the literature show that tungsten

nanowires, nanowhiskers and other nanostructured thin films have excellent field

emission properties [271–276] and mechanical hardness [277], which makes them

important building blocks in nanotechnology [42]. Most of the known techniques

used for the production of tungsten nanostructures are limited to a particular

morphology, whereby often high processing temperatures are required. For ex-

ample, tungsten nanowires have been grown using electron and ion beam in-

duced deposition [278, 279], selective dissolution of a directionally solidified eu-

tectic NiAl-W alloy (1700 ◦C) [280], vacuum pyrolysis/carbothermal treatment

of lamellar inorganic-surfactant precursors at temperatures between 500-850 ◦C

[281], a field-emission induced method [282], vapour-phase synthesis at temper-

atures above 1450 ◦C [283], a nickel-catalysed vapour-phase method [284], and

thermal treatment (850 ◦C) of an oxidised tungsten film in hydrogen [271]. Other

fabricated tungsten structures are microwhiskers prepared by vapour deposition

[277] and through reduction of NiWO4 by CO at 950 ◦C [285], nanorods through

an oblique-angle sputter deposition technique [286], and nanothorns were synthe-

sised by vapour deposition after reducing tungsten oxide by carbon and silicon

at 1100 ◦C [275]. With the HWCVD technique, however, relatively low reduction

temperatures of about 730 ◦C are used and a wide variety of nanostructures are

available, as will be shown here.

9.2 Experimental

9.2.1 Procedure for post-deposition reduction

For the post-deposition reduction study, samples with previously deposited WO3−x
nanostructures are re-introduced into the CANTOR and exposed to 100 sccm H2

of a pressure of 1.0 mbar at 730 ◦C for a duration of 30 or 60 min. For powder

films of thicknesses of about 20 µm, 60 min was employed. Two tungsten fila-

ments are resistively heated by a DC current of 8.0 A (2160 ◦C in vacuum) to

dissociate the molecular hydrogen. With Raman spectroscopy and X-ray diffrac-

tion (XRD), chemical bonds and the crystal phases are determined, respectively.

With high-resolution transmission electron microscopy (HRTEM), selected-area

electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDS) the

morphologies, the crystal phases and the elemental compositions are determined,
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respectively. The reactor used for the deposition and reduction of the nanostruc-

tured films is described in Chapter 2, section 2.1. The setups employed with the

characterisations of the depositions are described in Chapter 2, section 2.2.

9.2.2 Procedure for metallic tungsten depositions

A new two-step HWCVD method for metallic tungsten deposition is introduced.

As an example a high-surface area WO3−x powder is deposited and in the same

run reduced to metallic tungsten. The first step consists of the deposition of

the WO3−x powder during 30 s using an air flow of 60 sccm at PO2 = 1.0 mbar

and Ifilament = 8.0 A. In the second step the air flow is stopped and a H2 flow

of 100 sccm of a pressure of 1.0 mbar is used for the reduction. The substrate

temperature amounts to about 730 ◦C throughout the reduction step, which is

performed for 60 min, after which, the filaments, the H2 flow, and then the heater

are turned off. The substrate is left to cool down in vacuum to room temperature.

9.3 Results

9.3.1 Post-deposition reduction

EDS measurements were performed to determine the oxygen content before and

after the reduction treatments of a previously deposited nanowire, nanocrystallite

and closed crystallite deposition. Figures 9.1a)-f) show the results.

Figure 9.1: EDS spectra before (1) and after (2) reduction during 30 min of
a),b) a nanowire deposition, c),d) a nanocrystallite deposition and e),f) a closed
crystallite deposition. XRD patterns after reduction of g) a nanowire deposition,
h) a nanocrystallite deposition and i) a closed crystallite deposition.

The spectra before reduction are indicated with (1), the spectra after reduc-
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tion are indicated with (2). The left graphs show the total EDS spectra, the right

graphs show the oxygen contributions of the EDS spectra. The EDS results show

that the oxygen in the nanowire and nanocrystallite depositions are completely

removed after 30 min of reduction, for the closed crystallite deposition, however,

some oxygen still remains. After 60 min of reduction also for this deposition all

oxygen is removed, not shown. XRD measurements have been performed before

and after the reduction procedure. The XRD patterns of the deposited structures

before the reduction exhibit c-WO3 (ICDD 83-0950). For the nanowires no XRD

patterns were obtained before the reduction, for the nanocrystallite depositions

the results are shown in Chapter 7, section 7.3.3. Figures 9.1g),h) and i) show the

XRD results for the nanowire, nanocrystallite and closed crystallite depositions

after reduction, respectively. For the nanowire and nanocrystallite depositions no

c-WO3−x is present, instead only cubic α-W is detected. Hence, for these depo-

sitions the procedure results in the complete reduction to metallic tungsten. For

the closed crystallite deposition, however, next to c-WO3, also the WO2 (ICDD

32-1393) and cubic α-W phases are detected, hence, the reduction is incomplete.

STEM and SAED measurements have been performed on the nanowire struc-

tures before and after reduction. Figure 9.2 shows the results.

Figure 9.2: a) HRTEM image of a nanowire before reduction, b) bright field image
of a nanowire after reduction. SAED pattern of a nanowire deposition c) before
reduction and d) after reduction.

Figure 9.2a) shows a HRTEM image of a nanowire. The high-resolution of

the TEM visualises the individual columns of atoms in the crystal lattice of the

nanowire. The nanowire is single-crystalline; a Fourier transform was performed

which yields d = 0.36 and 0.37 nm as values for the lattice parameters of the

nanowire. These lattice parameters are close to that of W24O68 (O/W = 2.83)
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(JCPDS 36-0103), but match the W18O49 (O/W = 2.72) (JCPDS 36-0101) and

W19O55 (O/W = 2.89) (JCPDS 45-0167) more closely. To obtain more certainty

about the crystal phase of such nanowires, SAED was performed on a collection

of nanowires. The result is shown in Figure 9.2c), and was also shown in Chapter

6, section 6.4; the lattice spacings obtained from the SAED patterns match the

crystal phase of W24O68 (O/W = 2.83). The result of this SAED measurement

contains more measurement data than the Fourier transform and is attributed

more weight. Figure 9.2b) shows a bright field TEM image of a nanofiber, which

resulted from the reduction of a nanowire. The fiber consists of multiple crystal-

lites. Apparently, in the reduction process the single-crystalline nanowires change

into multi-crystalline fibers with an amorphous oxide shell. The SAED pattern,

shown in Figure 9.2d) of the material after reduction shows bcc α-W.

HRSEM was performed on the depositions before and after the reduction pro-

cedure; Figure 9.3 shows the results.

Figure 9.3: HRSEM images before reduction of a) a nanowire deposition (cross-
sectional view), c) a nanocrystallite deposition (tilted top-view) and e) a closed
crystallite deposition (cross-sectional view). Figures b), d) and f) are from the
same deposition after reduction. The scale bars represent 1 µm.
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Figure 9.3a) shows a HRSEM image in cross-sectional view of WO3−x nano-

wires. After the reduction procedure the morphology of the nanowires has dras-

tically changed, as Figure 9.3b) shows. The high-aspect ratios and sharp features

of the nanowires deform into fibrous worm-like morphologies that appear brittle.

Figure 9.3c) shows a tilted top-view HRSEM image of a nanocrystallite deposi-

tion. The morphology of the crystallite deposition changes less drastically during

the reduction, as Figure 9.3d) shows. The crystallite shape is still intact, instead

cracks and star-like pores have formed on the crystallites. Figures 9.3e) and d)

show that the same holds for closed crystallite films.

For the crystallite deposition, shown in Figure 9.3c), scanning transmission

electron microscopy (STEM) and SAED were performed after the reduction only.

Figures 9.4a) shows a HRSEM image of crystallites after the reduction in which

the star-shaped pores are displayed in high-magnification.

Figure 9.4: a) HRSEM image of a crystallite from a closed crystallite deposi-
tion after reduction. b) HRTEM image of a crystallite from a closed crystallite
deposition after reduction.

Figure 9.4b) shows a STEM bright field image of such a crystallite. It is

observed that the cracks introduce channels into the crystallite. The resulting

nanostructured films displaying these cracks are very porous, which could be

useful for catalytic applications.

As a last example the high-surface area powder films that are produced when

high pressures are used, have also been reduced. In Chapter 7, section 7.3.2 the

deposition of such WO3−x powders is discussed, HRSEM and HRTEM images

showing the morphologies are provided there. Figure 9.5 shows the result of

HRSEM imaging after the reduction treatment.

High-surface area highly porous nanopowders are thus obtained. To determine

the surface area of the metallic tungsten powder film, physisorption experiments

using N2 have additionally been executed. To this end, multiple powder films
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Figure 9.5: a)-d) HRSEM images of a metallic tungsten nanopowder film after
reduction using various magnifications.

were synthesised and subsequently reduced using the same conditions. A total

mass of powder of 200 mg was collected. The measurement results, not shown

here, revealed a very high specific surface area of 21.5±2 m2·g−1. Values reported

in the literature for metallic tungsten powder obtained by reducing WO3 powder

in hydrogen, amount to 1.5-2.6 m2·g−1 [287] or 4.7-5.5 m2·g−1 [288]. The highest

value reported in the literature amounts to 20 m2·g−1, which was obtained by

injection of tungsten powder in a rf plasma [289]. Hence, the values obtained in

this work are state-of-the art. Using the Scherrer formula [248], a crystal size of

10.7±1.8 nm is obtained from XRD measurements, not shown. The method de-

scribed here is a very easy and novel procedure for the quick and efficient synthesis

of ultrafine metallic tungsten powders. The particle sizes of the WO3−x powder,

as shown in Chapter 8, amount to 7.7±0.9 nm, after reduction by hydrogen the

sizes amount to 10.7±1.8 nm, hence the reduction procedure as described here

apparently does not lead to significant sintering of the powder. For powder films

of thicknesses of about 20 µm the reduction is complete after 60 min, for thicker

films, the reduction proceeds only in the top-regions of the films. These results

are not shown.

9.3.2 Novel method for metallic tungsten deposition

The logical next step is to investigate if the reduction can be performed immedi-

ately after a WO3−x deposition, in the same reactor without an air break. As an
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example the nanopowder is used. Figure 9.6 shows the result of a temperature

measurement during the two-step procedure.

Figure 9.6: Temperature measurement for a continuous two-step deposition of
metallic tungsten nanostructures.

As can be seen the WO3−x powder deposition was performed during only 30

sec after which, when the substrate temperature reached about 750 ◦C, hydrogen

was introduced for a period of 60 min. The reduction temperature could be

lowered; this was not studied here, however. HRSEM imaging was performed to

investigate the morphology of the powder. Figure 9.7 shows the result.

Figure 9.7: a),b) HRSEM images of a metallic tungsten nanopowder prepared in
a single HWCVD deposition run.

The morphology of the deposited metallic tungsten powder is similar to the
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powder that was reduced post-deposition, as shown in Figure 9.5.

9.4 Discussion

After the reductions, only bcc α-W is observed for the nanowire depositions with

XRD (before the reduction the structures exhibited no XRD patterns). During

the reduction of the single-crystalline nanowires, oxygen atoms in the lattice are

removed from the crystalline W24O68 matrix in the form of water. The consequent

mismatch in crystal lattices of the nanowire, which is under continuous strain by

the removal of its oxygen atoms, explains the drastic morphological changes that

are observed after the reduction procedure. The nanocrystallite depositions are

also completely reduced to metallic tungsten, whereas for the thicker closed crys-

tallite depositions, after the reduction during 30 min, the c-WO3, c-WO2 and

cubic α-W phases are observed. As mentioned in the previous chapter, an X-ray

study performed by Wilken et al. [264] showed that the reduction in H2 of blue

tungsten oxide, viz., WO2.96, to metallic tungsten is a multi-step process which

involves the species WO2.9, WO2.72, WO2, β-W and α-W. The study reported

here is limited to the initial and final products only. The star-shaped cracking

was also observed by Wilken et al. [264] for the reduction of WO2.96 by molec-

ular hydrogen. They deduced that the WO2.96→WO2.9→β − W→α−W and

WO2.96→WO2.9→WO2→α−W reaction pathways are predominant in the range

of 500 to 700 ◦C. They found that during the reduction step WO2.96→WO2.9,

the morphology remains intact and during the reduction step WO2.9→β-W or

WO2.9→WO2, however, the star-shaped cracks develop. Our results are in com-

plete agreement with those results.

9.5 Conclusions

Exposure of the pre-deposited nanostructured WO3−x to a flow of 100 sccm of

atomic hydrogen of 1.0 mbar at a substrate temperature of about 730 ◦C) leads to

removal of all oxygen from the depositions. The deposited material consequently

exhibits a phase transition from W24O68 to bcc α-W, which proceeds first via the

reduction to WO2. For the nanowire depositions and nanocrystallite depositions

a reduction during 30 min suffices. For the thicker closed crystallite nanostruc-

tured films, a reduction procedure of 60 min is needed to remove all oxygen. For

nanowire depositions the morphological changes are drastic. The single-crystalline

wires deform to polycrystalline metallic tungsten fibers. The nanocrystallite and

closed crystallite depositions show no deformation, instead star-shaped pores are

observed after the reduction.
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High-surface area highly porous nanopowders are obtained by reducing WO3−x
powder obtained by the HWCVD method in hydrogen. From physisorption ex-

periments using N2 a very high specific surface area of 21.5±2 m2·g−1 is obtained.

A crystal size of 10.7±1.8 nm is obtained from XRD measurements.

A new two-step deposition method for the synthesis of metallic tungsten na-

nostructures is introduced. In the first step the WO3−x deposition is performed.

Nanogranular, nanopowder, nanowire, nanocrystal and closed crystallite WO3−x
can be deposited. In the second step the reduction procedure is performed in the

same reactor. It is thus shown that with the HWCVD method nanostructured

metallic tungsten depositions of various morphologies can be synthesised, greatly

widening the versatility of this method.



CHAPTER10

Hierarchical Homo- and Heterogeneous
WO3−x/WO3−y Nanocacti

In this chapter the hot-wire chemical vapour deposition of hierarchical three-

dimensional tungsten oxide nanostructures is presented. A growth model to ac-

count for the observed morphology is provided. These extraordinarily exotic het-

erogeneous hierarchical nanostructures have been synthesised in a periodic hexag-

onal array. Such complex structures are suggested to form a new foundation

of novel applications and enhancements in the field of chromogenics, viz. elec-

trochromism, thermochromism, optochromism and gaschromism. Although WO3−x
nanostructures have been produced by other groups with hot-wire chemical vapour

deposition, this is the first report on the production of such exotic hierarchical

nanostructures on remote substrates with this technique. Moreover, the structures

are deposited in a hexagonal array, which opens new possibilities of, for instance,

photonic crystals.

157
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10.1 Introduction

Exposure of heated tungsten filaments to an air flow results in deposition of

tungsten oxide smooth thin films on substrates that are heated only by thermal

radiation from the filaments (Chapter 6). When the substrate is additionally

heated from the bottom to elevated temperatures and increased air pressures are

used, highly nanostructured depositions result (Chapter 7), which can be read-

ily reduced to metallic tungsten after deposition (Chapter 9). The deposition of

tungsten oxides on hot substrates in the presence of air/H2 gas mixtures leads

to metallic tungsten, which is oxidised when the substrates cool in an air atmo-

sphere, resulting in surface nanorod morphologies (Chapter 8). The reduction

of nickel oxide to metallic nickel by hydrogen is thermodynamically much more

favorable than that of tungsten. It is well known that a more noble metal can

readily induce the reduction of metals of a higher affinity to oxygen. It is there-

fore interesting to apply metallic nickel crystallites on the surface of a substrate

and deposit tungsten oxide in a hydrogen atmosphere on the substrate kept at an

elevated temperature. The first objective of this work is to investigate whether

reduction of the tungsten oxide proceeds more easily.

The effect on the reduction of the tungsten oxide contacting the nickel crystal-

lites can be thermodynamic and/or kinetic. Formation of an alloy with nickel can

thermodynamically stabilise metallic tungsten at lower temperatures and higher

water vapour pressures than tungsten alone. Since dissociation of molecular hy-

drogen can proceed at a lower temperature on metallic nickel than on tungsten

oxide, the presence of nickel can raise the rate of the reduction reaction. It is

to be expected that the tungsten oxide incident on metallic nickel particles will

stick to the nickel, which results in a growth of initially a nickel-tungsten alloy

and subsequently of metallic tungsten. It is highly interesting to investigate the

morphology of the metallic tungsten thus obtained. The most rapid reduction

to metallic tungsten is confined to the surface of the nickel and, in later stages

of the deposition, of the metallic tungsten. With a rapid reduction to metallic

tungsten the direction from which the tungsten oxide is incident on the metallic

nickel or tungsten determines the direction of the most rapid growth. Establish-

ment of the equilibrium shape of metal crystallites, which is fairly symmetrical,

proceeds usually more slowly. Consequently, formation of acicular metallic tung-

sten crystallites pointing in the direction of the source of the tungsten oxide may

be expected.

As a first experiment, tungsten oxide is deposited on a nickel film deposited

on a TiNyOz barrier film which is carried by a silicon wafer. The barrier film

prevents the formation of NiSix, which proceeds at temperatures above 300 ◦C

[13–16]. The tungsten oxide is volatilised from two tungsten filaments kept at an
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elevated temperature in an air/H2 gas flow. After deposition of the tungsten ox-

ide the hydrogen flow is interrupted and the film is cooled in an air flow to room

temperature, which brings about oxidation of the metallic tungsten, this effect

was shown in Chapter 8. It is important to assess also the fate of the tungsten

oxide incident on the uncovered barrier film. It is possible that the tungsten oxide

species deposited on the uncovered barrier film migrates to the nickel crystallites

or to the already reduced metallic tungsten. Since it is difficult to prepare a nickel

film of a low density of nickel islands using thermal dewetting, as shown in Chap-

ter 4, a special technique was employed to produce a predetermined arrangement

of nickel particles on the titanium oxynitride (TiNyOz) barrier film, viz., colloidal

nanosphere lithography [27–30], as presented in Chapter 3.

In the work to be presented here, a nickel thin film of a thickness of about

2.4 nm is vapour-deposited simultaneously on a TiNyOz barrier film and on a

colloidal template of silica colloids of a diameter of 1400 ± 20 nm. After remov-

ing the colloids a periodic particle array of nickel prisms of a height of about 2.4

nm and lateral sizes of about a = 335 ± 20 nm, deduced from relation (3.1) in

Chapter 3, is obtained. Both the nickel film and the array of nickel prisms are

used in a tungsten oxide deposition experiment.

After deposition the resulting nanostructured depositions are characterised

by high-resolution scanning electron microscopy (HRSEM). Elemental analysis

was performed by energy dispersive X-ray analysis (EDS) in a line scan over the

surface of a sample. Some material was applied to copper grids covered with a ho-

ley carbon film for transmission electron microscopy (TEM). Beside conventional

TEM also dark-field TEM, selected-area electron diffraction (SAED), and scan-

ning transmission electron microscopy (STEM), were employed. In the scanning

mode images were taken of the electrons scattered over large angles by a high-angle

annular dark-field (HAADF) detector, which indicates the areas where heavier el-

ements are present or where the specimens are relatively thick. Also secondary

electron (SE) and back-scattered electron (BSE) images were taken and the local

elemental composition was determined by EDS analysis. By taking images at a

very high magnification, lattice images were obtained.

10.2 Experimental

10.2.1 WO3−x deposition procedure

A c-Si (100) substrate with a TiN0.5O0.9 barrier film of a thickness of 120 ± 10

nm was used. A thin nickel film of a thickness of 2.4 nm was evaporated on the

barrier film as well as on a SiO2 mask of colloidal spheres of diameters of 1400

± 20 nm, with which a periodic array of nickel prisms was prepared. All colloids
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used in this work are synthesised by the Soft Condensed Matter group from the

Debye Institute for Nanomaterials Science led by Prof. A. van Blaaderen. Both

samples, the flat film and the prism array, were employed in the tungsten oxide

deposition experiment. The deposition methods of the nickel film and of the bar-

rier film and the characterisation of the TiN0.5O0.9/Ni (2.4 nm) film stack are

provided in Chapter 2, section 2.3. The characterisation setups are discussed in

section 2.2. The preparation of periodic particle arrays with colloidal nanosphere

lithography is discussed in detail in Chapter 3.

The deposition of tungsten oxide involved two stages. The samples were loaded

into the CANTOR, which was then evacuated to a very high vacuum of 1.0·10−7

mbar. Next, a flow of 100 sccm H2 of a pressure of 1.0 mbar was introduced, then

the current through the filaments was turned to 8.0 A (which leads to dissociation

of the H2) and the substrate temperature was ramped to about 750 ◦C in a period

of 15 min. During this first stage, the surface-oxide with the nickel on both sam-

ples that formed during exposure to ambient air, was removed. Additionally, for

the particle array of nickel prisms, the annealing deforms the prisms into rounded

nanoparticles, as demonstrated in Chapter 3. In the second stage the WO3−x
deposition was performed. The WO3−x deposition was started by admitting a

reducing gas mixture containing 100 sccm molecular hydrogen and 18 sccm air of

a total pressure of 1.0 mbar. The deposition was stopped after 15 min, when the

filament current was stopped, then all flows except the air flow were stopped and

the sample cooled to room temperature.

10.3 Results

10.3.1 Hierarchical homogeneous WO3−x/WO3−x nanocacti

After deposition of the tungsten oxides on the flat nickel film, HRSEM was used

to image the external surface of the substrate. Figure 10.1a) shows a secondary

electron (SE) image of a nickel film of a thickness of 2.4 nm after it was exposed to

an annealing treatment to dewet the film into nanoparticles. Figure 10.1b) shows

the SE image of tungsten oxides desposited on such an arrangement of nickel

nanoparticles. Figure 10.1c) shows the complementary backscattered electron

(BSE) image.

The dewetting of nickel films was discussed in Chapter 4, the image in Figure

10.1a) is shown here to compare the external surface of such a sample with and

without the deposition of tungsten oxides. The SE image in Figure 10.1b) reveals

that numerous branched cactus-like nanorods with a high surface area are de-

posited. These nanocacti consist of a stem that measures 120 ± 40 nm in width

and up to 1 µm in length, and of nanorod superstructures that measure 5-15
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Figure 10.1: HRSEM top-view images. a) SE image of a dewetted nickel film of
an initial thickness of 2.4 nm. b),c) SE and BSE images of WO3−x deposited
on such a dewetted film in a reducing environment, respectively. The scale bars
represent 200 nm.

nm in width and 5-500 nm in length. The complementary BSE image in Figure

10.1c) allows differences in mass density to be easily identified via variation in im-

age contrast. However, no significant contrast differences are observed, indicating

that there is not an apparent large atomic composition discrepancy between the

stem and the superstructures.

10.3.2 Periodic arrays of hierarchical homogeneous

WO3−x/WO3−x nanocacti

The deposition of tungsten oxides on the array of nickel prisms is next discussed.

Figures 10.2a),b) and c) show HRSEM images of the external surfaces of the

samples after tungsten oxide deposition.

Figure 10.2: a),b),c) HRSEM top-view images of a periodic array of nanocacti
taken at different magnifications.

The HRSEM images show spatially separated nanocacti in a hexagonal pat-

tern. It is clear that the nanocacti are not randomly deposited on the substrate,

but selectively grow on the nickel sites, since the cacti occur in a hexagonal con-

figuration. Apparently, the nickel particles acted as catalyst for the growth of
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these structures.

Elemental analysis was performed by executing EDS measurements on many

spots on the surface of the sample to map out the atomic species deposited. Fig-

ure 10.3a) shows a SE HRSEM image of three nanocacti in close proximity of

each other. Figures 10.3b) and c) shows SE images taken with an EDS detector

which has a lower resolution. In the images the scan spots are indicated.

Figure 10.3: a) SE HRSEM image. b),c) SE SEM images. The spots on which
elemental analysis was performed are indicated by +.

Figure 10.4: EDS measurement results performed a) in a line scan indicated in
Figure 10.3b), b) in a line scan indicated in Figure 10.3c).

With EDS the elements Si, Ti, Ni, W and O have been detected. The atomic

content of Ni varied inversely with the atomic content of W, which allows no clear

interpretation. Most of the O detected comes from the barrier film. The results

reveal furthermore, that more tungsten is present with the cacti than on loca-

tions where no cacti are present. This is clearly observed by the increase in the W
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signals, for each measurement that was performed on a cactus. Additionally, on

locations where no cacti are present, W is also detected. Hence, it is concluded

that after the deposition of the tungsten oxides the mobility of the deposited

species over the surface of the barrier layer, which are reduced there by hydrogen

due to the elevated temperature, is not sufficient for all the species to migrate to

the nickel sites.

To discern the composition of the individual nanocacti, more elaborate mea-

surements have been performed. Figure 10.5a) shows a HRSEM SE image of a

nanocactus, Figure 10.5b) shows a HRSEM BSE image of the same nanocactus.

Figure 10.5: HRSEM, STEM and TEM results on nanocacti. a) HRSEM SE
image, b) HRSEM BSE image, c) TEM bright field image, d) STEM HAADF
image, e) TEM bright field image and f) TEM dark field image.

In the SE image the nanorod superstructures of the cactus appear brighter

than the stem on which they are attached, since the number of secondary elec-
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trons is higher with electrons of lower energy. Charging of the nanorod super-

structures leads to a drop in energy of the incident electrons and thus to a higher

intensity of secondary electrons. In the HRSEM BSE image the superstructures

and the stem of the cactus are visible with similar contrast, which indicates an

equal or similar elemental composition. Figure 10.5c) shows a TEM bright field

image of another collected nanocactus. In the bright field image the stem appears

dark due to its relative large thickness which attenuates the signal of transmit-

ted electrons. The stem of the cactus reveals a nanogranular morphology. The

nanorod superstructures appear to be single grains. Figure 10.5d) shows a STEM

HAADF image of the same cactus. As in the BSE image, the superstructures

are also visible in the HAADF image, confirming a heavy elemental composition.

Figures 10.5e) and f) show a bright field image and a complementary dark field

image of another cactus, respectively. Some of the superstructures are broken off

from the stem due to the sonication treatment to collect the material on a TEM

grid. The dark field image is obtained by intercepting the transmitted electron

beam and imaging the diffracted beam. The superstructures appear bright in the

dark field image, which shows that a crystal lattice is present there. Moreover,

all the areas that appear bright in a single dark field image have the same crystal

lattice.

To determine whether the composition of the superstructures is the same

as that of the stems, additional measurements have been performed. First, a

HRTEM image is taken from a superstructure of a cactus shown in Figure 10.5e),

Figure 10.6a) shows the result.

Figure 10.6: a) HRTEM image of a superstructure of the nanocactus shown in
Figure 10.5e). b) EDS on the stem of the cactus shown in Figure 10.5e). c) EDS
on a superstructure of the cactus shown in Figure 10.5e).

The high-resolution allows visualisation of the individual columns of atoms in
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the lattice of the superstructure. A fast Fourier transform (FFT), shown in the

inset, performed on the indicated area reveals lattice spacings of about d = 0.24

and 0.35 nm. An EDS measurement was performed both on the stem and on

a superstructure of the cactus shown in Figure 10.5e),f). Figure 10.6b) and c)

show the results of the EDS measurement on the stem and on the superstructure,

respectively. The EDS spectrum of the stem of the cactus shows W, O, Ni, C and

Cu. The C signal that is obtained from the measurement on the superstructure,

which is largely due to the carbon film of the TEM grid, equals in intensity to

that measured on the stem. Hence, both C signals are from the holey carbon

film. The Cu signal results from the copper TEM grid. The EDS spectrum of

the superstructure exhibits W, O, C and Cu. Hence, from the EDS measurement

it can be concluded that the compositions of both the stem and superstructure

consist of WOx. Figures 10.7a) and b) show SAED patterns of the superstructure

and stem of the cactus shown in Figure 10.5c), respectively.

Figure 10.7: a) SAED pattern of the superstructure of the nanocactus shown in
Figure 10.5c). b) SAED pattern of the stem of the nanocactus shown in Figure
10.5c). c) SAED pattern of the stem of the cactus shown in Figure 10.5e). The
bottom three images indicate the lattice spacing measurements in the same, but
processed graphs.

From the hexagonal SAED pattern of the superstructure, shown in Figure

10.7a), a crystal lattice spacing of d = 0.15 nm is obtained. From the hexagonal

SAED pattern of the stem shown in Figure 10.7b), which is very similar to the
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SAED pattern of the superstructure, lattice spacings of d = 0.15; 0.17; 0.19; 0.25

and 0.28 nm are obtained. The intensity in the pattern that yields the lattice

spacing of d = 0.15 nm is maximum. Based on the equality of the spot distances

in the SAED patterns of the superstructure and the stem it is concluded that they

consist of equal elemental composition. The lattice spacings have been compared

to lattice spacings provided in the literature. Within an experimental error of

0.003 nm, they match the lattice spacings found for W24O68 (O/W = 2.83) phase

(JCPDS 36-0103) most closely. The FFT of the HRTEM image of Figure 10.6a)

reveals a lattice spacing of d = 0.24 and 0.35 nm, which matches very well (within

0.001 nm) with this phase. Additionally, an SAED pattern was obtained for the

stem of the cactus shown in Figure 10.5e), Figure 10.7c) shows the results. The

obtained lattice spacings amount to, from most intense to less intense; d = 0.15;

0.24; 0.38; 0.37; 0.19 and 0.22 nm. The lattice spacings match very well, within

0.006 nm error, with the lattice spacings found for W24O68. Hence, it is here

concluded that both the stings and the stems of all the cacti have an equal atomic

composition of W24O68.

10.4 Discussion

There are many reports in the literature about exotic high-surface area nano-

structures and nanostructures with branched morphologies. The materials that

are used vary greatly. A review of Kharissova and Kharissov [290] of 2010 men-

tions a wide variety of exotic nanomaterials with unique properties (magnetic,

semiconducting, field-emission, etc.) and applications. For example, for catalysis,

a significant improvement in efficiency is made when nanoparticle catalysts are

supported on nanostructured materials [139, 291–293]. The synthesis of such ex-

otic tungsten oxide nanostructures with superstructures is less common, however.

To place the crystalline W24O68 nanocacti that are observed in this non-

catalytic hot-wire chemical vapour deposition (HWCVD) research amongst the

exotic tungsten oxide structures reported in the literature, a number of authors

are mentioned here:

Zhu et al. reported the growth of well-crystallised WOx (x=0-3) trees with

monoclinic W18O49 superstructures on the edges of a SiO2 plate, which partly

covered a W foil, in an Ar atmosphere at ca. 1600 ◦C. When they repeated the

experiments using Ta or Mo foils, no nanotree growth was observed.

Zhou et al. [294] successfully synthesised 3D cubic crystalline tungsten oxide

networks using a thermal evaporation method. The 3D networks formed by inter-

penetrative nanowires with a growth direction along six (100) directions. Since

their process does not involve a catalyst they ascribe the dominating process for
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the formation of branched nanowires to be the vapour-solid growth process [295].

The presence of planar stacking faults and/or the inversion grain boundaries leads

to growth parallel to the defect plane.

Hexagonal c-WO3 (100) nanotree depositions have been synthesised by

Shibuya and Miyauchi [139] using a sulfate-assisted hydrothermal reaction of tung-

sten metal. Various metal salts were used, however, the tree-like structures only

formed when using Rb2SO4. Also HNO3 was key in the preparation process due

to its highly oxidative properties. They showed that the photocatalytic activity

of the nanotrees strongly depends on the position of Pd nanoparticles deposited

on them. For Pd nanoparticles at the bottom of the nanotrees, the photocat-

alytic activity of the nanotrees is enhanced and they exhibit photoinduced super-

hydrophilicity. In a second paper [296] concerning the same WO3 trees, they

reported much faster proton diffusion than which occurs in polycrystalline WO3

films. The significant electrochromism in the WO3 nanotrees was attributed to

the nano-channels in its hierarchical nanostructure due to large open pores as void

spaces between the nanotrees. The hexagonal WO3 crystals have large tunnels,

which were formed by octahedral sharing (WO6) [297] in the crystal.

Zhang et al. also prepared hexagonal c-WO3 (100) nanotree depositions us-

ing the hydrothermal method proposed by Shibuya and Miyauchi. Due to the

large intercalation tunnels of the hexagonal WO3 structure and highly porous

surface morphology, remarkable electrochromic properties were observed with a

large modulation of optical reflectance up to 30% and a coloration efficiency of

43.6 cm2 C−1 at 500 nm. In the hydrothermal conditions they used, NH+
4 led

to a 2-dimensionally growing tendency to form nanosheets which assembled into

nanotree structures.

Last, Baek et al. [275] reported on the fabrication of a hierarchical hetero-

nanostructure composed of WO3 structures with W superstructures by a two-

step evaporation process in which they heated WO3 powder and then a mixture

of WO3 and graphite powder. The hierarchical structures were found to exhibit

promising field-emission performance. For the formation of the structures they

used WO3 whiskers with a nickel catalyst deposition, which acted as nucleation

sites for the adsorption of incoming tungsten vapour in a vapour-solid growth

process [295].

In the work described in this thesis, the non-catalytic HWCVD process that

resulted in the formation of the branched nanostructures is less complex than it

might seem. First, the deposition of tungsten oxides on nickel nanoparticles held

at an elevated temperature in a reducing environment leads to the reduction of the

tungsten oxides to metallic tungsten. The continuous supply of tungsten oxides

from the filaments thus leads to continuous growth of metallic tungsten nanorods

(the stems) on the nickel particles. After termination of the deposition, by turn-
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ing off the current through the filaments and stopping the flow of H2 and turning

off the sample stage heater, the growth of the metallic tungsten nanorod stems

stops. However, the air flow continued. In Chapter 8 it was already discussed

that this leads to nanorod surface morphologies when the air pressure amounts

to about 2.0·10−3 mbar. Hence, the superstructures of the cacti are the result of

the ongoing air flow when the deposition was stopped. The air flow also resulted

in the complete oxidation of the nanorod stem, which explains the absence of

metallic tungsten in the SAED patterns. Figure 10.8 shows a schematic repre-

sentation of the growth of the nanocacti. In stage 1 the nickel nanoprisms are

deposited using the nanosphere lithography technique. In stage 2 the nanoprisms

are thermally deformed into nanoparticles. In stage 3 the metallic tungsten stems

of the nanocacti are deposited. In stage 4 the deposition is terminated but the air

flow is continued, which brings about the formation of the superstructures and

the oxidation of the nanorod stems.

Figure 10.8: Schematic representation of the growth of the nanocacti. a) Stage
1: formation of a periodic particle arrays of nanoprisms. b) Stage 2: formation
of a periodic particle array of nanoparticles. c) Stage 3: selective deposition of
nanostems. d) Stage 4: formation of nanorod superstructures.

The nanocacti with its superstructures deposited in this process have a most

likely composition of W24O68, which is also derived for the nanowires that are

deposited using only an air flow on heated substrates, as shown in Chapter 6. The

nanocacti that have thus far been discussed completely consist of the W24O68

phase, it would be very interesting to perform optical experiments with these

hierarchical homogeneous structures, this has not been performed in the work
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described in this thesis, unfortunately.

To explicitly prove that the superstructures are caused by an air flow when

the temperature is high, one additional and final experiment has been conducted.

A metallic tungsten nanocrystallite film (also shown in Figure 9.3, Chapter 9)

was (re-)introduced in the CANTOR, the temperature of the sample stage #2

was ramped to 730 ◦C. At a temperature of Theat = 700 ◦C, an air flow of 25

sccm of a pressure of Pair = 0.20 mbar was introduced. The filaments were not

utilised, hence no further deposition was performed. Figure 10.9 shows the results

of HRSEM after this experiment.

Figure 10.9: Re-oxidised metallic tungsten nanostructures using an air flow at
elevated temperatures.

Clearly, the reheating of metallic tungsten structures under an air flow, brings

about the growth of WO3−x superstructures, as was also observed in Chapter 8.

It is highly important that with these structures metallic tungsten was found with

X-ray diffraction, indicating that not all of the inner core of the initial crystals

had re-oxidised. Hence, the observed structures are heterogeneous. The inner

core consists of metallic tungsten, whereas the nanorod superstructures consist of

WO3−x. This results leads to the introduction of a simple non-catalytic HWCVD

process for the synthesis of heterogeneous W/WO3−x hierarchical nanostructures,

with an opposite configuration of the structures that were obtained by Baek et

al., who fabricated hierarchical WO3/W structures. The novel method will be

briefly discussed in the next section.
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10.4.1 A simple method for the deposition of hierarchical

heterogeneous WO3−x/WO3−y nanocacti

Here, a simple deposition method is suggested with which heterogeneous nanocacti

can be deposited on a substrate. The method involves a three-step sequence,

which all are performed in the same reactor. Only two resistively heated tungsten

filaments, a hydrogen flow, an air flow and a heated substrate are required. The

experiment has not been conducted, the individual steps in the three-step sequence

have. Figure 10.10 shows the result with HRSEM after each separate step.

Figure 10.10: a) HWCVD deposited WO3−x nanocrystallites. b) Metallic
tungsten nanocrystallites after post-deposition reduction. c) WO3−x branched
nanocrystallites after post-reduction re-oxidation.

Figure 10.10a) shows a W24O68 nanocrystallite, the deposition of such struc-

tures is explained in Chapter 7. Figure 10.10b) shows a α-W nanocrystallite,

obtained after the post-deposition reduction with atomic hydrogen of a structure

as shown in Figure 10.10a), the procedure is explained in Chapter 9. Figure

10.10c) shows a W/WO3−x heterogeneous nanocactus, such a structure results

after the re-oxidation with an air flow of a structure as shown in Figure 10.10b);

the procedure is explained in this chapter. The suggested process conditions that

can be used for the deposition are displayed in Table 10.1.

10.5 Conclusions

A method for the HWCVD deposition of regular arrays of W24O68/W24O68 hier-

archical homogeneous nanocacti is presented for the first time. According to the
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Proposed deposition recipe for WO3−x nanocacti

Step air flow H2 flow fil. current pressure Tsubstrate time process

I 25 sccm 0 8 A 0.04 mbar 650-750 ◦C 30 min WOx deposition

II 0 25 sccm 8 A 1.0 mbar 650-750 ◦C 30 min reduction to α-W

III 25 sccm 0 0 0.04 mbar 650-750 ◦C 30 min re-oxidation to WOx

Table 10.1: Three-step procedure for deposition of heterogeneous tungsten oxide
nanocacti. Step I involves the deposition of W24O68 nanocrystallites, step II
involves the reduction of the deposited structures to α-W, step III involves the
re-oxidation to WO3−x.

literature, such branched structures exhibit unique properties that deviate from

their more simple nanostructured counterparts of lower dimensionality, e.g. nano-

wires. Novel properties and applications in the fields of chromogenics are ex-

pected. Additionally, a simple method for the deposition of hierarchical hetero-

geneous W/WO3−x nanocacti is proposed. This chapter features to show, once

more, the versatility of the HWCVD process with its simple configuration, up-

scalability and control over the deposition parameters.





Image Gallery

Figure 10.11: As these images show it is possible that the electrons from an
electron microscope damage very brittle structures on a substrate. Here, three-
dimensional silica colloidal crystals collapse under electron irradiation from the
XL30SFEG SEM. a)-f) Increasing exposure times (in the order of seconds).
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Figure 10.12: Silica colloids a) covered with a thin nickel overlayer, b) burst open
due to ion beam irradiation, c)-e) covered with tungsten oxide nanorods.

Figure 10.13: a),b) Carbon structures. c) Nickel nanoparticles on a glassy carbon
substrate, the particles interact with the graphite surface at elevated tempera-
tures, which causes the surface deformations. d) Carbon nanotube.
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Figure 10.14: Optical microscope images of glass samples coated with
Fe(NO3)3·9H2O containing gels in which Fe2O3 nanoparticles are formed through
hydrolysis reactions.
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Figure 10.15: a),b) Tungsten oxide flowers, c),d) Tungsten oxide cones sticking
out of the tungsten oxide film. e) Tungsten oxide film with hole of tungsten oxide
cone.

Figure 10.16: Various tungsten oxide nanostructures. a) Nanorod carpets. b)
Nanorod antennae. c) Nanocacti. d) Nano desert roses. d) Thin films delaminated
from the substrate due to thermal stress. e) Thin film with columnar growth
structure.
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[3] R. D. Bringans, H. Höchst and H. R. Shanks, Physical Review B, 1981, 24,

3481–3489.

[4] C. G. Granqvist, G. A. Niklasson and A. Azens, Applied Physics A: Mate-

rials Science &amp; Processing, 2007, 89, 29–35.

[5] M. A. Van Hove, Surface Science, 2009, 603, 1301–1305.
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Summary

This thesis is divided in two parts. The first part deals with the preparation of

nickel and nickel oxide nanoparticles. Carbon nanotubes are synthesised with the

particles. The second part discusses the synthesis of tungsten oxide and tungsten

nanomaterials.

Part I - Self-Organised Substrate Patterning with NiOx Nanoparticles

The first part of this thesis starts out with the preparation of substrates with

ordered arrays of monodisperse nickel nanoparticles. To this end a known

substrate patterning technique called nanosphere lithography is used. This

technique uses SiO2 colloidal particles that self-assemble into a monolayer mask

on which, in this work, a thin nickel layer is deposited. Upon removal of the

colloids, a hexagonal array of monodisperse nickel prism resides that after an

anneal treatment deform into rounded nanoparticles. The size of the particles

and inter particle distance is determined by the size of the colloids. By irradiating

the colloids with swift heavy ions, the colloids have been deformed, allowing the

sizes in the mask to be reduced; this results in smaller nickel particles in the

prepared hexagonal array. An array of particles prepared from an unirradiated

mask is used for the deposition of exotic tungsten oxide nanostructures.

Also described in the first part of this thesis is the formation of nickel and

nickel oxide nanoparticles in a simple thermal annealing process. The conven-

tional annealing process is already well understood. Metallic films deposited on

inert substrates are unstable and readily dewet when the temperature is raised.

For nickel films on a special barrier film this phenomenon is shown in this work.
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The result is that the nickel film dewets into nickel islands that are mobile

over the substrate and arrange randomly in a pattern of polydisperse nickel

nanoparticles. This thesis describes that it is possible to reduce the mobility of

the particles, such that the polydispersity is reduced and that the particles are

anchored firmly to the barrier film. The thus formed templates of self-assembled

monodisperse nanoparticles can be further processed at high temperatures, for

instance, for the synthesis of graphitic carbon nanotubes, as is shown here.

Part II - The Controlled Growth of WO3−x Nanostructures Us-

ing Non-Catalytic Hot-Wire Chemical Vapour Deposition

In the second part, the controlled growth of tungsten oxide thin films and na-

nostructured tungsten oxide is presented. Tungsten oxide is the most important

and versatile metal oxide today. The synthesis method that is used here allows

a great extend of control over the deposition rate and the morphology of the

deposited tungsten oxide. For his purpose the method is scarcely used and not

much is known of the process. Here, a complete description is provided on how

to manipulate the morphology and the atomic composition of the synthesised

tungsten oxide nanomaterials. It is shown how the hot-wire chemical vapour

deposition (HWCVD) technique, which is conventionally a technique which

uses resistively heated tungsten filaments to catalytically decompose source

gasses, can be employed for the non-catalytic synthesis of tungsten oxides. The

tungsten filaments are the source of the tungsten atoms, ambient air is used

as oxidising gas. No chemicals are required. This makes it an environmentally

friendly method. Moreover, very high deposition rates are achieved whereby

highly textured nanostructured surfaces are obtained, and for relatively very

high process pressures, ultra high deposition rates are obtained, resulting in

ultraporous films.

This second part of this thesis starts with describing the controlled deposition

of tungsten oxide nanogranular thin films. For the first time this technique is

used to this end. By resistively heating the tungsten filaments and exposing

them to an air flow at a low subatmospheric pressure, both amorphous and

crystalline thin films can be deposited. The films consist of nanograins that

sinter and crystallise as the deposition proceeds due to thermal radiation from

the heated filaments. As the deposition is carried out on substrates that are

additionally externally heated to Tsurface = 700 ± 100 ◦C, high aspect ratio

crystalline tungsten oxide nanowires are deposited, without the use of catalysts.

After prolonged annealing of the substrate, the nanowires change into shortened

and thickened nanorods. The deposited nanostructured films are studied on

crystal, chemical and atomic structure, as well as on morphology and optical

properties.
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Next, the effect of the filament temperature at a low subatmospheric pressure

is investigated. For temperatures (measured in vacuum) between 1390 ◦C and

2340 ◦C, the films are nanogranular and are deposited with a low maximum

deposition rate of 5 nm·min−1. Below and beyond this temperature, the

desorption of tungsten oxide species from the filaments is limited by the oxygen

occupancy and oxygen lifetime, respectively, on the filaments. By increasing

the oxygen partial pressure, the films remain nanogranular and the deposition

rate rises to as high as 36 µm·min−1 for the maximum oxygen partial pressure

here used of 1.0 mbar. The films deposited using this pressure consist of ultra

fine powders with particle sizes of about 7 nm and a very high specific surface

area of 121.7±0.4 m2·g−1. When these depositions are carried out on substrates

that are additionally externally heated to Tsurface = 700± 100 ◦C, the resulting

depositions are nanostructured with highly textured surfaces. The nanowires

deposited at the low oxygen partial pressure are tunably thicker and shorter,

until facetted crystallites and eventually closed crystallite films are deposited

when increasingly higher pressures are used. A simple model is introduced

to account for the morphological changes as the pressure is increased. The

deposited nanostructured tungsten oxide is studied on crystal, chemical and

atomic structure, as well as on morphology and optical properties.

The reduction of the tungsten oxide is studied by the introduction of atomic

hydrogen during the deposition. The hydrogen cools the filaments and the

substrates and removes oxygen from the deposited structures whereby water

is formed. The films that are thus deposited are only oxygen deficient in the

top-regions of the film. The reduction is more effective when the substrates are

additionally externally heated, which results in a shift of the reaction balance

towards reduction. However, when the deposition proceeds the formation of

water ultimately shifts the reaction balance away from reduction, which is then

terminated. Using the atomic hydrogen during the deposition of tungsten oxide

films allows the synthesis of heterogeneous films with oxygen concentration

gradients. When the air flow is stopped immediately after deposition, the films

are nanogranular. However, when the air flow is continued after deposition and

the film is still sufficiently hot, the top-surface of the films display tungsten

oxide nanorods. This way, it is possible to synthesise insulating tungsten oxide

films with metallic tungsten top-surfaces, and alternatively, metallic tungsten

films with insulating tungsten oxide top-surfaces, or when the air flow is con-

tinued, metallic tungsten films with tungsten oxide nanorod top-surfaces. The

deposited heterogeneous nanostructured films are studied on crystal, chemical,

morphological and atomic structure. By studying the external surfaces of the

filaments used in the depositions, after they have cooled to room temperature,

it is observed that similar morphologies are obtained on the filaments as on the
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remote substrates.

The reduction of tungsten oxide nanostructured predeposited tungsten oxide

is also investigated. Hereto, depositions with nanowire, nanocrystallite, closed

crystallite and nanopowder morphologies are subjected to reducing conditions.

The morphology, crystal structure and atomic composition are determined after

the reduction procedures. Ultra fine WO3−x powders have been fully reduced to

metallic tungsten powders with particle sizes of about 11 nm and a very high

specific surface area of 21.5±2 m2·g−1. It is shown that various nanostructured

metallic tungsten depositions can be obtained. A novel method for the synthesis

of nanostructured metallic tungsten in a single deposition run, is presented.

The final chapter in this thesis combines the knowledge obtained in the

results of the previous experiments. A random arrangement and a hexagonally

ordered arrangement of nickel particles on a substrate are used to increase

the reduction of incident tungsten oxides in a reducing environment. This

results in the formation of metallic tungsten nanostems on which tungsten oxide

superstructures are grown. By using the non-catalytic HWCVD method with

just a flow of hydrogen and an air flow it is shown that it is possible to synthesise

hexagonal arrays of such hierarchical homogeneous and heterogeneous tungsten

oxide nanocacti. Such structures have never been reported with the HWCVD

technique, let alone in an ordered array. A simple growth model that accounts for

these structures is presented. The deposited structures described here illustrate

the versatility of the HWCVD method. A minimal amount of parameters are

varied to allow for the deposition of a variety of nanostructured tungsten oxide,

of which not only the morphology is tunable, but also the oxygen content is

tunable. This research paves the way for further investigations, both appealing

from a fundamental point of view as well as from an industrial point of view.



Samenvatting

Dit proefschrift is opgedeeld in twee delen. Het eerste gedeelte beschrijft de

preparatie van nikkel- en nikkeloxidenanodeeltjes. De nikkelnanodeeltjes worden

gebruikt om koolstofnanobuizen mee te synthetiseren.

Self-Organised Substrate Patterning with NiOx Nanoparticles

Het eerste gedeelte van dit proefschrift begint met de preparatie van sub-

straten met geordende patronen van monodisperse nikkelnanodeeltjes. Voor dit

doeleinde wordt een bekende substraatlithografiemethode genaamd ”nanosphere

lithography” gebruikt. Deze techniek maakt gebruik van collöıdale SiO2 deeltjes

die zelf-organiseren in een monolaagmasker, waarop, in dit werk, een dunne

nikkelfilm wordt gedeponeerd. Bij het weghalen van de collöıden, blijft een

hexagonaal patroon van monodisperse nikkelprisma’s achter die na een warmte-

behandeling vervormen in geronde nanodeeltjes. De grootte van de deeltjes en de

afstand tussen de deeltjes wordt bepaald door de grootte van de collöıden. Door

bestraling van de collöıden met snelle, zware ionen, is het gelukt het masker van

collöıden te vervormen, wat een verkleining van de gaten in het masker teweeg

brengt; dit resulteert in kleinere nikkeldeeltjes in het vervaardigde hexagonale

patroon. Een patroon van deeltjes, vervaardigd met een onbestraald masker, is

gebruikt voor de depositie van exotische wolfraamoxidenanostructuren.

Ook beschreven in het eerste gedeelte van dit proefschrift is de formatie

van nikkel- en nikkeloxidenanodeeltjes via een simpele warmtebehandeling. Het

conventionele warmtebehandelingsproces is reeds goed begrepen. Metallische

films gedeponeerd op een inert substraat zijn instabiel en ontnatten gemakkelijk
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wanneer de temperatuur wordt opgevoerd. Dit wordt gedemonstreerd voor

nikkelfilms op een speciale barrièrelaag in dit werk. Het resultaat is dat de

nikkelfilms ontnatten in nikkelnano-eilanden die mobiel zijn over het substraat en

zich in een willekeurige verdeling van polydisperse nikkelnanodeeltjes organiseren.

Dit proefschrift beschrijft de mogelijkheid om de mobiliteit van de deeltjes

te reduceren, zodanig dat de polydispersiteit verkleind wordt en de deeltjes

fors verankerd raken aan de barrièrelaag. De zodoende gevormde mal van

zelf-gearrangeerde monodisperse nanodeeltjes kan verder verwerkt worden in

hogetemperatuurprocessen, zoals bijvoorbeeld, de vervaardiging van grafietische

koolstofnanobuizen, hier aangetoond.

The Controlled Growth of WO3−x Nanostructures Using Non-

Catalytic Hot-Wire Chemical Vapour Deposition

In het tweede gedeelte, wordt de gecontroleerde groei van wolfraamoxide dunne

films en nanogestructureerde dunne films gepresenteerd. Wolfraamoxide is het

meest belangrijke en veelzijdige metaaloxide heden ten dage. De synthesemethode

die hier wordt gebruikt biedt een enorme mate van controle over de depositie-

snelheid van de dunne films, alsmede over de morfologie van het gedeponeerde

wolfraamoxide. Voor dit doeleinde wordt de techniek zelden gebruikt en er

is niet veel bekend over het proces. Hier wordt een complete beschrijving

gegeven van hoe de morfologie en atomaire compositie van de gesynthetiseerde

wolfraamoxidematerialen bewerkstelligd kan worden. Er wordt gedemonstreerd

hoe de hete-draad chemische damp depositie, wat conventioneel een techniek is

waarbij aan resistief verhitte filamenten brongassen katalytisch ontleed worden,

gebruikt kan worden voor de niet-katalytische synthese van wolfraamoxides. De

wolfraamfilamenten zijn de bron van de wolfraamatomen, omgevingslucht wordt

gebruikt als oxiderend gas. Geen chemicaliën zijn benodigd. Dit maakt het

een milieuvriendelijke techniek. Verder worden zeer hoge depositiesnelheden

verkregen waarbij hoog getextureerde nanogestructureerde oppervlakken worden

verkregen, en voor relatief zeer hoge procesdrukken, ultrahoge depositiesnelheden

worden gehaald, resulterende in ultraporeuze films.

Het tweede gedeelte van dit proefschrift begint met de beschrijving van de

gecontroleerde depositie van wolfraamoxide nanogranulaire dunne films. Voor

het eerst wordt deze techniek voor dit doeleinde gebruikt. Door de wolfraam-

filamenten resistief te verhitten en ze bloot te stellen aan een luchtstroom bij

een lage subatmosferische druk, kunnen zowel amorfe als kristallijne dunne

films worden gedeponeerd. De films bestaan uit nanokorrels die samenklonteren

en kristalliseren bij aanhoudende depositie door de thermische straling van

de verhitte filamenten. Wanneer de depositie uitgevoerd wordt op extern tot

Toppervlak = 700 ± 100 ◦C verhitte substraten, kunnen hoge aspect ratio kristal-
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lijne wolfraamoxidenanodraden worden gedeponeerd, zonder katalysatordeeltjes.

Na langduring aanhoudende verhitting van het substraat, veranderen de nano-

draden in kortere en dikkere nanostaven. De gedeponeerde nanogestructureerde

films worden bestudeerd op kristallijne, chemische en atomaire structuur, evenals

op morfologie en optische eigenschappen.

Vervolgens wordt het effekt van de filamenttemperatuur bij een lage subat-

mosferische druk bestudeerd. Voor temperaturen (gemeten in vacuum) tussen

1390 ◦C en 2340 ◦C, zijn de films nanogranulair en worden gedeponeerd met

een lage maximum depositiesnelheid van 5 nm·min−1. Voor lagere en hogere

temperaturen is de desorptie van wolfraamoxides van de filamenten gelimiteerd

door de occupatiegraad en verblijftijd van zuurstof op de filamenten, respec-

tievelijk. Door de partiële zuurstofdruk te verhogen, behouden de films de

nanogranulaire structuur en de depositiesnelheid neemt toe tot wel 36 µm·min−1

voor de hier gebruikte maximale partiële zuurstofdruk van 1.0 mbar. De films

die worden gedeponeerd bij deze druk bestaan uit een ultrafijnkorrelig poeder

met deeltjesgrootten van ongeveer 7 nm en een zeer hoge specifieke oppervlakte

van 121.7±0.4 m2·g−1. Wanneer deze deposities uitgevoerd worden op extern,

tot Toppervlak = 700 ± 100 ◦C verhitte substraten, zijn de resulterende films

nanogestructureerd met zeer getextureerde oppervlakken. De lengte en dikte

van de nanodraden die bij een lage partiële zuurstofdruk worden gedeponeerd,

zijn instelbaar; bij hogere drukken worden de draden korter en dikker tot

gefacetteerde kristallieten en uiteindelijke gesloten kristallietenfilms gedeponeerd

worden wanneer steeds hogere drukken gebruikt worden. Een simpel model wordt

gepresenteerd dat de morfologische veranderingen voor toenemende drukken

beschrijft. De gedeponeerde films worden bestudeerd op kristallijne, chemische

en atomaire stuctuur, evenals op morfologie en optische eigenschappen.

De reductie van de wolfraamoxide films wordt bestudeerd door de introductie

van atomair waterstof gedurende de depositie. Het waterstof koelt de filamenten

en de substraten en verwijdert zuurstof van de gedeponeerde structuren, waarbij

water gevormd wordt. De films die zo worden gedeponeerd zijn alleen zuurstof-

arm in de bovenste regionen van de film. De reductie is effectiever wanneer de

substraten extern worden verwarmt, wat resulteert in een verschuiving van het

reactie-evenwicht naar de kant van reductie. Echter, bij aanhoudende depositie

zal de vorming van water uiteindelijk het reactie-evenwicht verschuiven weg

van de reductie welke vervolgens termineert. Het gebruik van het atomaire

waterstof gedurende de depositie van de wolfraamoxidefilms resulteert in de

synthese van heterogene films met zuurstofconcentratiegradienten. Wanneer de

luchtstroom afgebroken wordt onmiddellijk nadat de depositie gestopt is, zijn

de films nanogranulair, terwijl, wanneer de luchtstroom gecontinueerd wordt na

de depositie, als de film nog voldoende heet is, de bovenste laag van de film uit
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wolfraamoxidenanorods bestaat (bij lage luchtdrukken). Op deze manier, is het

mogelijk om isolerende wolfraamoxide films met geleidende wolfraam bovenlagen

te maken, of ook, geleidende wolfraam films met isolerende wolfraamoxide

bovenlagen, al dan niet bestaande uit nanostaven. De gedeponeerde hetereo-

gene nanogestructureerde films worden bestudeerd op kristallijne, chemische,

morfologische en atomaire structuur. Door de externe oppervlakken van de

wolfraamfilamenten die gebruikt zijn in de deposities te onderzoeken, nadat

deze zijn afgekoeld tot kamertemperatuur, is waargenomen dat vergelijkbare

morfologiën verkregen worden op de filamenten als op de substraten.

De reductie van wolfraamoxide nanogestructureerde deposities is ook onder-

zocht door na de depositie van het wolfraamoxide de reductiestap uit te voeren.

Hiertoe zijn, films met nanopoeder, nanodraad, nanokristalliet en gesloten

kristallietstructuren, bloot gesteld aan reducerende condities. De morfologie,

kristalstructuur en atomaire compositie zijn bepaald na het reductieproces. Het

is aangetoond dat verscheidene nanogestructureerde films verkregen kunnen

worden, bestaande uit metallisch wolfraam. Ultrafijn metallisch wolfraampoeder

met kristallietgrootten van ongeveer 11 nm en een zeer hoge specifieke opper-

vlakte van 21.5±2 m2·g−1, kan zo verkregen worden. Een innovatieve methode

voor de depositie van nanogestructureerd metallisch wolfraam in een enkel

depositieproces, wordt gepresenteerd.

Het laatste hoofdstuk van het proefschrift combineert de kennis opgedaan

uit de resultaten van de voorgaande experimenten. Een willekeurige verdeling

en een hexagonaal geordende verdeling van nikkeldeeltjes op een substraat

worden gebruikt om de reductie van invallende wolfraamoxides te versnellen.

Dit resulteert in de formatie van metallische wolfraamnanostaven, waarop

wolfraamoxidesuperstructuren groeien. Door de niet-katalytische hete-draad

chemische damp depositie methode toe te passen met enkel een waterstof- en een

luchtstroom, wordt aangetoond dat het mogelijk is om hexagonaal geordende

patronen van zulke hiërarchische homo- en heterogene wolfraamnanokaktussen te

synthetiseren. Zulke structuren gemaakt met deze methode zijn nog niet eerder

gerapporteerd in de literatuur, laat staan in geordende rijen. Een simpel model

wordt gëıntroduceerd dat de groei van deze structuren beschrijft.

De gesynthetiseerde structuren die hier beschreven worden illustreren de

veelzijdigheid van de hete-draad chemische damp depositie methode. Een

minimum aan parameters worden gevarieerd en resulteren in de verschillende

nanogestructureerde wolfraamoxide dunne films, waarvan niet alleen de morfolo-

gie instelbaar is, maar ook de zuurstofinhoud. Dit onderzoek maakt de weg vrij

voor verdere studies, zowel aantrekkelijk vanuit een fundamenteel opzicht als

vanuit een industrieel opzicht.



List of publications

Publications related to this work

Chapter 3

Z. S. Houweling, V. Verlaan, G. T. ten Grotenhuis, and R. E. I. Schropp, Forma-

tion of isolated carbon nanofibers with hot-wire CVD using nanosphere lithography

as catalyst patterning technique Thin Solid Films, 2009, 517, 3566 - 3569.

Chapter 5

Z. Silvester Houweling, John W. Geus, Peter-Paul R. M. L. Harks, René Heller,
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Afterword

May 2005 I came to the office of Prof. Ruud Schropp, chair of the Physics of

Devices group of Utrecht University, to discuss if I could enroll in a three-month

bachelor research project. His office desk seemed to have a function as support

for high towers of stacked papers and during our negotiations a constant back-

ground sound of incoming e-mails was audible. There was a vacancy for a nice

project on the characterisation of SiN thin films and we agreed to a three-month

stay. Those three months, however, have become 80 months (6.5 years). I would

perform my bachelor research, an additional three-month research project, my

masters and also my PhD research with Ruud’s group before I was to leave. And

even now, after having finished this thesis, we managed to extend my stay one

final time, till the end of this calendar year. Needless to say, I have been enjoying

my work environment and have been eager to learn and explore. The learning

curve I experienced has been unprecedented for me. But, it was not always easy

and I have certainly not done it alone. There are quite some people I owe some

form of gratitude.

In the summer of 1996 I was in a beautiful, green, remote and isolated place in

the South of France preparing for my finals of secondary school that were due the

next year. It was there, during the many physics talks and non-physics talks and

chess games with Prof. Nico van Kampen, that I gathered even more enthusiasm

for physics than I already had and I decided I would pursue an academic study in

physics. Nico, thank you for sharing your many anecdotes and imaginative stories

about your encounters with some of the world’s most celebrated physicists, you

further triggered my interest in this beautiful field. Many thanks to Peggy ’t
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Hooft, who was always a pleasure to visit in France and was always so kind and

inviting and has greatly stimulated my French. I thank Prof. Gerard ’t Hooft for

visiting me, together with Peggy, on one of my birthdays in France, which was

for me an honour. The gathering was interrupted by a sudden storm with very

fierce winds and severe rainfall; your visit inspired me and further boosted my

perseverance in physics.

Due to various distractions I allowed my studies at Utrecht University to take

9 years to complete. Approaching the end of my studies, during my master re-

search period, Prof. Ruud Schropp sent me an e-mail with the chance to write a

research proposal to obtain a two-year research fund. Of course I accepted, and

I remember, after 13 weeks awaiting the decision, that Ruud came to my down-

stairs office to congratulate me with the acceptance of the grant, which entailed

the bold endeavor to produce a prototype solar cell based on single-walled carbon

nanotubes. Due to some formalities it became a possibility that I had to start

with this project with six months less time than was granted. This was making

me a bit nervous and I was in doubt whether it would be more wise to try to

pursue a more conventional four-year PhD research project, perhaps elsewhere. I

was fortunate that I could discuss this matter at length with Josse. You helped

me convince myself to take the leap and go for it. The outcome is very fortunate.

Thanks for our discussions concerning this matter.

At difficult times one is very fortunate that there are people who can offer

support and reasoning. Thank you Anne van Weerden for the important support

on more than one occasion, and also for our many other discussions. I got to

know you at the Physics Science Shop where we would spend hours debating, do-

ing homework and not stopping the search for that annoying missing minus sign

in pages full of calculations. It was nice to have someone who is equally serious

about physics.

I am very grateful to Prof. Ruud Schropp, who made efforts to make my stay

with the group possible on several occasions. Thank you for the many pleasant

times at conferences and work trips during the last six years. You have made

possible my trips to San Francisco, Ventotene, Dresden, Nikko, Okinawa, Boston

and Palaiseau. Furthermore, you have always granted me freedom in walking my

own path and allowing me to freely study the processes I encountered on my quest

for carbon nanotubes. Thank you for honoring the promise to keep me here after

the two-year grant was finished, enabling me to pursue the doctorship in physics.

You have provided important opportunities for me.

I am very grateful for encountering Prof. John Geus at the electron microscope

I used frequently in the Kruyt building. You turned out to be a true oracle and

enjoyed to talk about science and showed much interest in the many subjects of

my work, viz., nickel and nickel oxides, iron oxides, carbon nanotubes, dewet-
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ting phenomena, nanomaterial growth etc.. I have learned a great deal from you,

amongst which, what one can do with a modern electron microscope. All the sub-

jects I was working on, you at some point in history, also had worked on. Your

orations were very well received by my curious nature and my feeling of being

overwhelmed by all the changing parameters in the processes I encountered. You

have helped me to rediscover to slow down and be more precise and double-check

or triple check results. Also, you have showed me to have confidence in my work

and was on more than one occasion more enthusiastic than I was after obtaining

results. Without you this thesis would have been very different indeed.

I thank Dr. Elmuez Dawi for the ion beam irradiations in Utrecht, Prof. van

Blaaderen for supplying the silica colloids, Dr. Renée Heller for assistance with

the ion beam experiments in Dresden, Drs. Ruurd Lof for helping me on many

occasions through scientific advice. Hans Meeldijk introduced me to the SEM

and performed many TEM experiments for me. I am still sorry I broke the 7000

euro silicon detector chip on the day before my leave for my first Japan trip, I

was quite pressured then....I thank Karine van der Werf and Caspar van Bommel

for all the work on the CANTOR (the CArbon NanoTube reacTOR), which I was

sometimes silently inclined to call the (the CANT OpeRator). Thanks Karine

for all scientific advices throughout these years. Thanks to MSc. Clive Oliphant

for your help in the carbon nanotube research when it was in its infancy here,

also for your EDS and SEM measurements on tungsten filaments I sent to you.

Thanks to Dr. Anne Dillon from NREL for the electrochromic measurements on

the tungsten oxide powder, and thanks to Petra de Jongh for making the BET

surface area experiments possible. Thanks to Drs. Soeren Jensen for the pulse-

probe measurements on tungsten oxides, too bad it couldn’t lead to anything.

Thanks to Dr. Rob Sillen for allowing us to hydrofylise our polydimethylsiloxane

(PDMS) stamps at the Hogeschool Utrecht using the oxygen plasma to be able to

pattern our substrates with FeOx nanoparticles, the results could not be included

in this already thick thesis. Thanks to Dr. Theo Muller for the cooperation on

our metal-induced crystallisation journey, which involved performing Rutherford

backscattering (RBS) measurements till late, even on Fridays. Also those results

are too far off from the topics of this thesis to be included. Thank you Dr. Wim

Arnold Bik for your explanations, measurements and analyses of some of the RBS

measurements described here. If one works with you, one has to be able to keep

pace! Thanks drs. Roberto Ackerman for your ion beams. I have also had the

pleasure to have very fruitful scientific conversations to people I hold in high re-

gard for their scientific approaches, namely, Dr. Wim Arnold bik, Prof. Frans

Habraken, Dr. Ernst van Faassen, Prof. Henrik Rudolph and Dr. Arjen Vreden-

berg. Thanks to Dr. Vasco Verlaan for cooperation on the early work on nickel

dewetting and the carbon nanotube research.
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Of course my many colleagues have made my stay very pleasant, namely,

Hanno, Vasco, Arjan Verkerk, Ruud Bakker, Jan-Willem, Roberto, Arjen Bink,

Ivana, Prasana, Clive, Theo Muller, Diederik, Minne, Marites, Monica, Luting,

Yanchao, Yaohua, Jatin, Robert, Paula, Ronald, Hongbo, Akshata, Caterina, Is-

abel, Jessica, Martin, Yinghuan and Xin. Ruud bakker, it was a pleasure to be

on the Ventotene island with you, enjoying the wide variety of squid dishes. The

conferences in Japan and France are also rememberable. Thank you Jan-Willem,

who I already know more than six years now, for all the nice times, also at confer-

ences. You grew up with me in room 005 when we were undergraduates. Thanks

for answering the phone when Jennifer called, and from then on whenever I passed

your office, calling my name in her voice. Thank you Riny for your kindness in

these years. Xin and Yinghuan it is a pleasure to share the office with you guys,

always violating regulation #20 of USP Alcatraz.

These four years I have worked very hard, but so have my many students,

whom I have had the pleasure to guide and who have assisted me in making

nickel oxides, iron oxides, carbon nanotubes and tungsten oxides. Ronald (bache-

lor), Gerben (master), Bruno (bachelor), Peter-Paul (bachelor), Lenze (bachelor),

Michiel (master) and again Peter-Paul (master), thank you all very much for your

efforts and enthusiasm.

Last I would like to especially thank those who are very close to me. Wouda,

Amber, Daantje and Paul, for standing behind me and supporting me all these

years. Marites, who has become so dear to me. I also gratefully thank my sec-

ond family, Kees, Lot, Bob, Ruby, Dana and Rachel, Els, and Kaat for always

supporting me. Thanks to all the nice people I have met during the stays in

France. My friends have always been interested in and supportive of my studies.

Thank you Jeanine, Silvan, Hans, Roy, Josse, Erwin, Ester, Jeffrey, Loes, Chan-

tal, Rob, Kim, Josine, Ed, Reinoud, Jordy, Anouk, Roger, Carline, Nico, Wies,

Daniel and Manja. Thanks Roy, for the very nice time we had in Mexico, quite

the experience. Now a new phase of my life begins, I hope I will see you there.



Curriculum Vitae

I was born on August 15 1979 in Utrecht, the Netherlands. The Puntenburg

(Louise de Coligny) was my public elementary school. My secondary school

started in 1992 at the Thijsse mavo, after one year I transferred to the havo

at the Thorbecke secondary school (spectrum college) and three months later I

moved to the Atheneum there. After completion of secondary school in 1997, I

went to Utrecht University to study physics, but after three months decided to

postpone my studies. In 1998 I re-entered the Physics and Astronomy curriculum

and in 2005 I joined the Physics of Devices group of Prof. Ruud Schropp. Here I

studied the sputter-deposition of thin nickel films for the catalyst-assisted growth

of carbon nanotubes (bachelor thesis) and the hot-wire chemical vapour deposi-

tion of amorphous hydrogenated silicon subnitrides as anti-reflection coating for

silicon solar cells (master thesis). Additionally, I studied the dielectric proper-

ties of the silicon nitrides for application in thin film transistors (small research

project). The latter project culminated in an oral presentation at the Materi-

als Research Society spring conference in San Francisco in 2007. In 2006 I had

submitted a subsidy grant to Agentschap NL (then SenterNovem) to work on a

carbon nanotube-based solar cell to be completed in a two-year research period.

The grant was honoured and enabled me to enroll in a Junior Researcher position

at the Physics of Devices group, immediately after receiving my physics diploma

in August 2007. The contract was extended for another two years in 2009. This

thesis is representable for the research conducted in the period 2007-2011. Dur-

ing my stay with the Physics of Devices group (2005 - 2011) I have authored or

co-authored over 25 scientific peer reviewed publications, I attended the summer
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school in Italy in Ventotene in 2007, gave various poster presentations on my

work and presented research results in oral presentations in a.o. San Francisco

USA (2007), Boston USA (2008), Nikko Japan (2008), Okinawa Japan (2009)

and in Palaiseau France (2010).


