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Introduction 

 
 
 
The smallest entities of the mesoscopic scale, where properties of matter like 
density, and state start to be valid concepts, are clusters of atoms. These 
small clusters, consisting of a few hundred to a few thousand particles range 
in size from a half to tens of nanometers wide, placing them in the nano-
scopic scale. In this scale, clusters of atoms, nanoparticles, are generally 
defined to be in the range 1 – 100 nm in diameter. Because the nanoscopic 
scale is in between atomic and bulk scales, matter within this regime may 
have different, or even unique properties not found in larger scaled units of 
the same material. This is exemplified by a nanoparticle which consists of 
relatively few atoms, a large fraction of them are surface atoms. Surface 
atoms have different surroundings compared to bulk atoms, ie. less 
neighbors resulting in fewer bonds, which in turn results in a higher ener-
getic state compared to bulk atoms. The strive to minimize the surface en-
ergy may lead to surface relaxation and/or reconstruction reactions, however 
surfaces still have inevitably higher free energy than the rest of the particle, 
making them more reactive [1]. The net effect is different properties for a 
nanoparticle because the surface dominates the particle volume. Known size 
effects are a decreased boiling point for nano-particulate matter (smaller than 
10 nm), as the surface energy have a large contribution to the average bind-
ing energy of the particle [2]. Other effects could be different magnetic, di-
electric properties, and even quantum size effects for small particles.  
While the concept nanotechnology was coined in the 70:ies [3], deliberate 
studies of the discipline started as early as in the 19th century [4]. Before this, 
however, it was employed through history in classic and even in ancient 
egyptian times [5], although the unique properties it afforded were not un-
derstood. Today, the nanotechnology industry employs millions of people 
and has a turnover in billions of € [6]. The driving focus is to develop 
knowledge, applications and tools to enable nano-material research and 
product development. The uses of nanostructured materials (NsM) are diffi-
cult to summarize and cover many different applications. Example areas are: 
gas sensors, dielectric materials, semiconductors, 3d structure engineering, 
property enhancement additives in materials, surface modifications, solar 
collectors, in photo-catalytic films, high thermal stability materials, sensors, 
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magnetic storage and recording systems, functionalization, medical applica-
tions (local drug delivery) etc. [7-12].  

 
The synthesis of nanoscale materials is normally divided into top down or 

bottom up techniques. Examples of top down techniques, where a material is 
progressively made into smaller and smaller objects are - sintering, ball mill-
ing and lithography [2]. Examples of bottom up techniques are atomic layer 
deposition, physical vapour deposition, Arc discharge, sol-gel synthesis and 
electro chemical deposition [2]. 

As the size is so important to the properties of a nanoparticle it is of fun-
damental interest to control the size of the particles. Usually the size distri-
bution of nanoparticles is log-normal for most synthesis techniques [13]. 
Monodisperse particles are thus needed if a special property is desirable. 

This thesis describes nanoparticles synthesis by Laser assisted Chemical 
Vapor Deposition (LVCD) using a pulsed high energy excimer laser. The 
particles were formed by homogenous gas phase nucleation from photolyti-
cally (non thermal) dissociation of gas phase precursor molecules.  

The structure of the thesis is as follows: the LCVD method is introduced 
followed by a description of then how nanomaterials can be synthesized by 
LCVD and characterization of the deposited material and finally the results 
are presented. 
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Chapter 1 

1.1 LCVD 
Laser assisted CVD is a variant of  chemical vapor deposition (CVD). The 
basic CVD method involves vapor phase precursors, typically activated by 
the temperature of the substrate (or the whole reactor), and the chemical 
reactions take place on the surface of the substrate, where usually a thin film 
of the desired material is deposited.  
Several different CVD types exist; MOCVD (Metal Organic CVD), PECVD 
(Plasma Enhanced CVD), CCVD (Catalytic CVD), RTCVD (Rapid Thermal 
CVD) to mention a few. These methods mainly differ in how the deposition 
processes is activated. A thorough summary of the kinetics and mechanisms 
for the general CVD process is available in ref. [14].  
The main advantage of CVD over most other coating techniques is its excel-
lent step coverage. It has also been used to manufacture materials difficult to 
prepare with other techniques (because of brittleness and/ or high melting 
point). For example in the 1960’s CVD was used for coating rocket nozzles 
with tungsten in order to obtain high thermal resistance [15]. 

 
Laser assisted CVD is a variant which utilizes the use of photons to sus-

tain the CVD process. LCVD can be divided in three types: Photolytic 
LCVD, pyrolytic LCVD and photophysical LCVD, the latter of which is a 
combination of the first two processes. However, it should be noted that for 
many LVCD setups defined as either photolytic or pyrolytic, both mecha-
nisms are infact important in order to obtain deposition [16, 17]. 

In Photolytic LCVD, the fastest activation step is a chemical reaction step 
rather than the thermalization of laser energy, that is to say it is a non ther-
mal process. The chemical reaction step excites a precursor molecule, lead-
ing to photolytic decomposition. Thus the selective excitation of a molecule 
requires energy of a wavelength that corresponds to the dissociation energy 
of the molecule. This value is typically in the UV-range. Because of this 
frequency doubled Nd.YAG-, Ar+-, Kr+- and excimer- lasers are mainly 
used. Excimer lasers have a high power output and are available in several 
different UV wavelengths depending on what excimer complex is used (usu-
ally an exciplex) [18]. This enables wavelength matching with the dissocia-
tion energy of the required precursor molecule. Photolytic LCVD is com-
monly used to deposit films or particles formed in the gas-phase onto sub-
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strates parallel with the laser beam. This type of setup minimizes the effects 
of sensitive substrates and is advantageous for thermally sensitive substrates 
because  high temperatures are not required in the reaction chamber. Com-
pared to pyrolytic LCVD, the deposition rate for photolytic LCVD is typi-
cally low. The limiting factor is, at elevated laser powers or increased partial 
pressure of the precursor, that a high rate of homogenous cluster formation 
occurs. These clusters condense on all surfaces in the reaction chamber in-
cluding on the window where the laser light enters. The gas mixture may 
also contain fragments of not fully decomposed precursor molecules, and 
these can also be incorporated into the deposit [16]. 

The pyrolytic LCVD process, on the other hand, thermally decomposes a 
precursor by the rapid heating induced by the laser. Here, the thermalization 
of laser energy is the fastest activation step. For pyrolytic LCVD, if the ab-
sorbed laser power is constant, the deposition rate is not dependent on the 
laser wavelength. Deposition is usually achieved with the laser beam per-
pendicular to the substrate. This process has a high degree of spatial control, 
making it possible to do localized deposition, and produce structures, such as 
micro-patterns [19]. An example is �m wide carbon coils deposited in a gas 
phase containing the precursor. 3D structure growth can be realized by mov-
ing the laser spot freely, in deposition only occuring in the region of the fo-
cused laser spot [20]. This can also be done in liquid [21].  

When more controlled deposition onto thermally sensitive substrates is 
required photophysical LCVD can be employed. Photophysical LCVD util-
izes the advantages of both pyrolytic and photolytic LCVD, while diminish-
ing the disadvantages of both methods. This method often uses two laser 
sources at different wavelengths, or one intermediate wavelength, which are 
absorbed either by the precursor or the deposited product [22].  

For a more comprehensive presentation and discussion of laser processing 
there are handbooks available [16, 17]. 

 
The LCVD process described in this thesis utilized a high energy pulsed ArF 
exc mer laser operating at 193 nm (UV), with a pulse duration of 16 ns 
(Fwhm). By the LCVD method, which involves rapid heating and cooling, it 
is possible to quench the synthesized material to obtain high temperature 
phases and metastable phases, obtaining materials with other properties than 
the thermodynamically stable phases at RT [20]. The advantages of this 
setup are that, the repetition rate and pulse energy can be varied within cer-
tain limits, and that many atomic and molecular species have a relatively 
high absorption cross section at UV region. This second point is also double-
edged, however, as high absorption for many species in the UV results in 
any dust/deposit/surface imperfection on the optics/mirrors/lenses in the 
LCVD setup leads to absorption, decreasing the expected pulse energy.  
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Uneven deposition on the substrate by turbulent flow caused by the pres-
ence of the substrate in the gas flow can observed. This mainly occurs for 
lower precursor partial pressures. 
 

1.2 Gas-phase nanoparticle formation 

The effects of photolytic decomposition of a precursor molecule (by a high 
energy laser pulse) are dissociated atomic/molecular species in the gas 
phase. If that vapor pressure exceeds the equilibrium vapor pressure with the 
corresponding liquid phase, the system becomes supersaturated and nuclea-
tion occurs. The condition for particle nucleation depends on the degree of 
saturation of the vapor. For a homogenous gas phase nucleation, the condi-
tion for forming stable nuclei is a cetain degrees of supersaturation of the 
vapor [16]. The degree of saturation, S, is expressed as: 

v

e

PS
P

�    (1.2.1) 

Where Pv is the partial pressure of the vapor and Pe is the equilibrium pres-
sure. The competing processes for the determination of the stability of a 
nucleus are the free energy of condensation, which favors nucleation, and the 
interface energy, which suppresses nucleation, i.e. nuclei need to form hav-
ing a radius larger than the critical radius, and otherwise the nuclei will de-
cay as it will not be energetically favorable to from particles. The expression 
for the critical radius for spherical particles (at constant temperature) is [16]: 

2
ln

n
crit

B

Vr
k T S

�
�  (1.2.2) 

Where rcrit, �, Vn, kB,T, ln S are the critical nucleus radius, surface tension 
coefficient, the volume of an atom/molecule in the nucleus, Boltzmanns 
constant, equilibrium temperature and degree of saturation, respectively. 
This gives that S must be > 1 in order to obtain a stable nucleus. 

This nucleation/growth mechanism assumes that the growth of the parti-
cles occurs by atomic adsorption and condensation on the particles surface, 
i.e. the surface area of the particle dictates the growth rate. This growth 
mechanism gives rise to a log normal size distribution from the seed parti-
cles of the critical radius. The residence time of approach model (RTA) pre-
dicts that by the growth mechanism described above, the final particle vol-
ume will be proportional to the precursor pressure as long as other growth 
mechanisms give negligible contributions [23]. However, the particles can 
also increase in volume by collisions and incorporation of other particles 
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known as coalescence. Coalescence may occur if the concentration of 
formed particles is high enough to render collisions between them likely, 
which will occur if the precursor partial pressure is high enough. In order to 
avoid the coalescence effect, the partial pressure has to be sufficient enough 
to obtain supersaturation and yield particles whilst at the same time forming 
low density of particles so that collisions between them are less likely.  
The photolytic decomposition/dissociation of the precursor by the LCVD 
methods described above leads to atomic/molecular species and/or frag-
ments, in the gas phase that constitute the vapor. The type of decomposition 
pathway decides the size and yield of the decomposition products, and it is 
dependent on the precursor interaction with the laser light; mainly the ab-
sorption cross section at the chosen laser wavelength. 
 

1.3 Experimental setup 
LCVD system 
The general layout for the LCVD flow through system used for the nanopar-
ticle deposition described in papers I-VI is shown in Figure 1.1. The deposi-
tion of transition metal nanoparticles and tungsten oxide nanoparticles were 
performed in two separate but very similar systems. The metalocenes were 
sublimated in a chamber, the partial pressure was regulated with the tem-
perature, e.g. for 10 Pa 50°C. A carrier gas (Ar) transported the sublimated 
precursor to the LCVD reactor. Nanoparticle deposition was performed by 
(1) introduction of the precursor (metalocene or WF6 + H2+ O2) 7 cm up-
stream of substrate holder parallel to the laser beam (3), together with a car-
rier/cooling gas (Ar), (2) which also purges the laser beam entrance window 
(5). The laser beam is focused by a cylindrical lens (4) of focal length 38 cm, 
and enters the LCVD system via the laser beam entrance window (5) posi-
tioned 15 cm upstream of the substrate holder (deposition zone). The linear 
flow rate in the system was ~5 – 15 cm/s depending on the gas flows. Depo-
sition of particles (6) takes place ~1.5 mm below the focused laser beam via 
Brownian motion. The carrier/cooling gas and remaining particles exit the 
system via (7). In situ OES measurements were possible via a fiber optic 
cable (8) positioned perpendicular to the laser beam and flow, above the 
deposition zone. 
A reactor temperature of typically 50 - 57°C avoided condensation of meta-
locene or WF6 on the reactor walls.   
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Figure 1.1: The general layout of the LCVD reactor used for deposition of nanopar-
ticles. 

An ArF excimer laser operating at 50 Hz and 193 nm (nominal pulse dura-
tion: 15 ns [FWHM]) was used. Calibration of the laser fluence (�) was per-
formed by a digital energy meter and photopaper was used to determine the 
focal area at the deposition zone. The total pressure in the experiments was 
kept at 2000 Pa. Parameters specific for certain papers are listed in Table 
1.1. 

 
Table 1.1: Some experimental parameters specific for each papers I-VI. 

Paper � 
(mJ/cm2) 

Precursor sublimation 
temperature (�C) 

Precursor partial 
pressure (Pa) 

I 20 -160 50 10 
II 70 & 300 45 - 50 10 
III 0 - 220 41 – 65 2 – 30 
IV 110 50 10 
V 40-250 25 24 
VI 0 - 220 25 24 
 

1.4 Nanoparticle characterization 
The particles were characterized with standard methods except for the OES 
and gas sensing measurements, as a system specific setup and purpose built 
gas sensing setup, respectively, were used.  
 
By TEM (200 kV and 300 kV), morphology, distribution and coalescence 
effects were obtained from bright field micrographs. CBED of particles or 
aggregates gave information on the crystalline ordering of the sample. FFT 
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patterns of bright field micrographs also gave phase information. STEM-
EDX analyses of single particles were also performed. 
TEM samples were deposited onto carbon covered copper grids, with a 
deposition time between 10-40 s to avoid thick deposits that would have 
been unsuitable for the TEM analysis. 
 
SEM provided surface morphology analysis and size distribution informa-
tion. 
 
The carbon microstructure of the deposited particles was analyzed by micro-
Raman spectroscopy at 780 nm and 514 nm excitation wavelengths. Here 
careful tuning of the laser output was needed in order to avoid damage of the 
deposit by heating and eventual evaporation. 
 
XRFS was used to examine the amount of deposited material (for deposition 
rate determinations etc.) by measuring the integrated intensities of the peaks 
from CoK�, FeK� and WL� radiation. No calibration using the signal from a 
pure metal film of known thickness was performed, as only the relative sig-
nal of the metal peak was used. As these deposited films are thin and have a 
porous structure the analysis depth is much larger than the deposited film 
thickness. Therefore the integrated signal of the metal peak can be used as a 
relative measurement of the amount of deposited material. 
 
XRD (CoK� and CuK��radiation) and Synchrotron radiation (	 = 1.39 Å) 
were employed to determine the phase composition and ratio in the transition 
metal nanoparticle deposit by comparing the intensity of the strongest reflex-
ion. Due to the low density of the deposited film, large amorphous content 
and very small crystallite size it was hard to obtain diffractograms with suf-
ficiently resolved peaks for a statistically meaningful estimation of the phase 
ratio at different experimental parameters. The peaks observed typically had 
~5-10� of broadening, overlapped each other and were of low intensity. 
For WO3 nanoparticles, the structure of the particles was characterized in a 
parallel beam setup using CuK� � radiation.  
 
The chemical composition of the samples was analyzed by XPS (mono-
chromatizied AlK� radiation). The surfaces of the samples were sputter 
cleaned using an Ar-ion gun (2 kV acceleration voltage). The peak position 
of C(1s) was used as an internal standard for the calibration of the energy 
scale in order to handle charging effects between the different samples. 
The porous structure of the deposits did not make it possible to perform 
depth profiling. 

Additionally the porous structure of the film reduces the accuracy of the 
XPS analysis, especially the oxygen content and oxidation state of the metal 
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will be unreliable due to the preferential sputtering of the oxygen in the ox-
ide.  
 
The magnetic properties were investigated by varying the temperature for a 
fixed applied field with a SQUID (Superconducting Quantum Interference 
Device) magnetometer. Zero-field cooled (ZFC) and field cooled (FC) rou-
tines were used. For ZFC magnetization the sample was cooled down to 6 K 
in the absence of magnetic field, then a field of 2 mT was applied, and the 
magnetization was measured as the sample was heated up to 390 K. The FC 
magnetization was measured by cooling the sample to 6 K in the presence of 
a 2 mT magnetic field. The results of the measurement were normalized 
against the weight of the sample. 
 
Particle temperature measurements, time resolved temperature measure-
ments and gas phase particle concentration measurements were performed 
by in-situ OES. The scattered/emitted light was collected by an optical fiber 
and led to a Czerny-Turner type grating spectrograph and a gateable CCD 
detector. An optical multichannel analyzer was used to analyze the resulting 
spectrum. Time resolved measurements were possible by setting the pulse 
delay in the ns-�s region (minimum pulse length 100 ns). A spectral resolu-
tion of 1.8 
0.2 nm wavelength accuracy was obtained with a 150 
groves/mm grating. For measurements with higher spectral resolution, 600 
groves/mm and 1800 groves/mm gratings were also available. Measurements 
were conducted in the visible light region, from 400 - 700 nm. Usually parti-
cle temperatures cooler than ~1800 K could not be measured due to the low 
intensity of the black body radiation in this wavelength region. 

Particle concentration in the gas phase was measured by the intensity of 
the scattered incident laser light. In these measurements, the observed light 
was 2nd or 3rd order of the incident laser wavelength (386 and 579 nm respec-
tively). Elemental lines in the spectra were identified by comparing with 
spectra obtained from ablation of the pure element, here W, Fe or Co. 

 
To be able to determine the temperature from the black body radiation the 

OMA system was calibrated by a tungsten-strip lamp (with a spectral varia-
tion of less than 0.5% in the visible light region) for several different tem-
peratures. The thermal spectra, in the visible region, of the emitted light from 
the tungsten lamp is well described by Planck’s radiation law. Hence, the 
correction for the detector response (transfer function) in the wavelength 
region of interest could be obtained. Since the detector counts photons, the 
corresponding Planck expression is given by; 
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where np(	) is the photon number for the (	, 	+�	) spectral region. The 
wavelength of the emitted radiation is denoted 	� and h, c, kB and T are the 
Planck constant, the speed of light, Boltzmann constant and the absolute 
temperature, respectively. For a typical non-metal nanoparticle, the emissiv-
ity function is given by ref. [24]:  
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By combining (1.4.1) and (1.4.2), the final Planck expression is: 
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The temperature of the heated nanoparticles can then be estimated by fitting 
(1.4.3) to the corrected measured spectra. For the carbon covered metal 
nanoparticles, the fittings were done assuming pure carbon particles and thus 
the emissivity dependence given in (1.4.2). This approximation holds rather 
well, as the carbon shell volume consisted in mean of 90% of the total parti-
cle volume. For tungsten nanoparticles [paper IV], the emissivity depend-
ence (in the 400-700 nm wavelength region) was found to be: Qe � 1/	1.54 
relation [25, 26], subsequently the Planck expression for tungsten nanoparti-
cles is: 
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 (1.4.4) 

For the gas sensing measurements an experimental setup designed for meas-
uring the change in conductance (resistance) of a solid state metal oxide 
semiconductor (MOS) film (thickness between ~2-20 �m) exposed to an test 
gas of low concentration (ppm) at a fixed temperature, was used. Gases used 
for the measurements were synthetic air (80% N2 and 20% O2, mixed before 
insertion in the test chamber) and the test gas H2S. A computer regulated 
both the introduction of the gases and the analysis temperature via a power 
amplifier, and also controlled the reading from the multimeter. 
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The principle behind gas sensing for a solid state semiconductor film is the 
conductance variations that arise due to changes in the composition of the 
surrounding gases. This gas sensing response may be caused by: 

� direct gas adsorption followed by surface reactions involving the 
adsorbed species,  

� a reduction/oxidation of the metal oxide semiconductor, mainly oc-
curs at the surface, which is the active part of the sensor, 

� exchange of ions between the surface and adsorbate, 
� a combination of the mechanisms above. 

The result of these mechanisms is a response typical for that individual proc-
ess, therefore, apart from the change in sensitivity, also the type of mecha-
nism can be identified if the response characteristics are analyzed by conduc-
tion-noise analysis [27-31]. The measurements presented in this thesis only 
handles the changes in resistance (conductance) of the MOS film, no analy-
sis of the response is performed.  
For example, in gas sensing measurements involving Pt-activated WO3 films 
and Ga-doped ZnO films, the conductivity increased when the film was ex-
posed to the reducing agent H2 [32, 33]. This is a result of a surface reaction 
where O2-/O--ions on the MOS surface react with the adsorbed H2, forming 
water. It has been shown that when an n-type semiconductor is exposed to 
ambient air, or in this case, synthetic air, O2 molecules are chemisorbed and 
form oxygen ions; O2- if the sensor temperature is 373 K < T < 453 K, or O-  
if T > 503 K [34]. When water forms on the sensor surface (and leaves the 
surface due to the operating temperature of the sensor) electron transfer to 
the MOS decreases the resistance of the film, which is measured by the mul-
timeter. This is quite a rapid process as shown by the response times in the 
measurements. A more thorough review of effect of adsorbates on the resis-
tance and conductance of a MOS is found for example by [35]. A schematic 
of the gas sensor is shown in Figure 1.2. The LCVD deposited WO3 film 
connects the two Au-electrodes, thereby determining the conductance and 
resistance of the circuit. 

 
Figure 1.2: The basic layout of a gas sensor consisting of a MOS nanoparticle film. 
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 The sensitivity, Ss, of the film is defined as the conductance ratio;  
 Ss = GGas/GAir  (1.4.5) 
, where GGas is the conductance of the film when exposed to the test gas and 
GAir is the unexposed conductance of the film.  

 

Calculations 
Thermodynamical calculation software using a free energy minimization 
technique [36] was used to calculate the equlilibrium composition of tung-
sten species in certain gas mixtures at different temperatures.  
By using software utilizing the BHMIE Fortran code given in ref. [24] dif-
ferent optical properties of the transition metal, carbon  and WO3 nanoparti-
cles were calculated. 
 
The major characterization techniques used in each paper are summarized in 
Table 1.2. 
 
Table 1.2: The major characterization techniques used for each paper.  

Paper TEM SEM XPS XRD XRFS SQUID OES RAMAN Gas 
sensing 

I �   � �  � �  
II � � �     �  
III �    � � � �  
IV � � �       
V � �  � �     
VI �    �  �  � 
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Chapter 2  

Transition metal nanoparticles 
2.1 The precursors 

For LCVD, the precursor should be easy to handle, and be stable in the gas 
phase, and have a high enough absorption cross section in the wavelength 
region of the laser output. Metalocenes of transition metals usually have high 
enough vapor pressure to be easily sublimated by moderate heating [37], 
well below their thermal decomposition temperature, thus creating a highly 
concentrated vapor of a stable gas phase precursor. Regulation of the partial 
pressure can be achieved by adjusting the sublimation temperature. A meta-
locene consist of two cyclopentadienyl (C5H10, or Cp) rings with a metal 
atom sandwiched in between.  

 
Figure 2.1: The ferrocene molecule (in eclipsed conformation) and cobaltocene 
molecule (in staggered conformation). 

The transition metal metalocences generally bond to the cyclopentiadienyl 
ring via a strong covalent, symmetric �5 bond [38]. The stability of the bond-
ing arrangement can also be explained by the number of bonding orbitals, 
which is nine, favoring the 18 electron rule [39, 40] 
By this bonding arrangement ferrocene has no unpaired electron, largely 
contributing to the stability of the molecule. Due to this stability and relative 
insensitivity to moisture, heat and light, ferrocene is an extensively exam-
ined metalocene. The bonding involves the �-electrones of the cyclopentadi-
enyl rings, with all carbon atoms equally bonded to the central Fe ion. The 
central Fe ion receives a share of each of the 12 �-electrones, thus forming 
an 18 electrons outer shell configuration, similar to Krypton. Ruthenocene 
will also adopt this configuration and together with ferrocene, they share the 
distinction of being the most stable metalocenes [38]. Coboltocene has one 
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unpaired electron, decreasing the stability of the molecule [39]. Cobaltocene 
is also a strong reducing agent, comparable to Zinc [39]. Generally the trend 
for stability among the metalocenes decreases as the number of unpaired 
electrons increases, i.e. they decrease in stability along period 4 [38].  
 
Their free energy of ionization, �Gi

o, translates into a photon energy of 6 -7 
eV [41], making UV excimer lasers suitable sources for photolytic decompo-
sition (photon energy for a 193 nm photon is 6.4 eV). Ferrocene has a large 
aborption cross section at 193 nm; 4 Å2 per molecule [42, 43].  
So called “explosive” dissociation directly to a metal ion is the most com-
mon observed photolytic pathway [44]. The photolytic dissociation of this 
molecule has been determined to be dependent on multiphoton absorption, 
although the large absorption cross section allows for two photon absorption 
(at sufficient laser energy densities) before the sequential ligand loss takes 
place via an unstable intermediate. Therefore the absorption process behav-
ior resembles a single photon absorption process [42];  

Fe(Cp2) 
nhv����  FeCp + Cp ���  Fe + 2Cp n=2 for 193 nm 

 
For cobaltocene, the required energy for dissociation is slightly higher [37, 
45, 46] making it harder to dissociate. No absorption cross section data could 
be found for cobaltocence. Value was estimated from absorption measure-
ments conducted in a long cylinder and compared to similar measurements 
for ferrocene (which confirmed the 4 Å2 absorption cross section) at the 
same partial pressure. This gave an absorption cross section for cobaltocene 
of ~1.7 Å2 per molecule at 193 nm; roughly 2.3 times lower than for ferro-
cene. The coboltocene is not as stable as the ferrocene molecule due to the 
unpaired electron, making it more sensitive to ambient air, visible light and 
temperatures over 300 K [39]. 

 

2.2 Iron and Cobalt  

The transition metals Iron and Cobalt 
The elements in the d-block of the periodic table are generally referred to 

as transition metals. A transition metal should exhibit a partly filled d-shell 
or should have a cation with an incomplete d-shell [47]. This definition will 
leave out some elements in the d-block (Zn, Cd and Hg) that have a filled d10 
configuration.  The tendency for the transition metals to fill inner electron 
shells when adding an electron, traveling in the right direction in a period, 
increases shielding, and leaves the outer d-block unchanged. This effect re-
sults in metals with relatively high melting and boiling points, as d-electrons 
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are able to delocalize and be shared with the metallic structure [48]. The d-
electrons, which can be unpaired, also have a strong influence on the mag-
netic properties of the transition metals. The transition elements are usually 
paramagnetic, but ferromagnetic elements, Fe, Co and Ni, constitute an im-
portant part of the transition metals. 
 A paramagnetic material exhibits a magnetic moment only in the presence 
of an external magnetic field and has no permanent magnetic effects [48]. 
Ferromagnetic materials, on the other hand, have an unpaired spin which 
gives rise to a magnetic moment even without an external magnetic field. In 
these materials the spins of the unpaired electron interacts with other un-
paired electrons from neighboring atoms [48]. This exchange coupling gives 
rise to a permanent magnetic moment at room temperature. Above a certain 
temperature, called Curie temperature, the exchange coupling ceases and the 
material becomes paramagnetic. In antiferromagnetic materials the spins of 
the electrons are aligned in a regular pattern where neighboring spins point 
in opposite directions [48]. 

 

Fe changes phases several times during its temperature increase to boiling 
point. For T < 1184 K , �-Fe (bcc) is stable, for 1184 < T < 1665 K �-Fe 
(fcc) is stable and for 1665 K up to melting point (1811 K)��-Fe (bcc) ap-
pears [49]. See Figure 2.2 left panel, for the Fe-C phase diagram at normal 
pressure [50].  

 
Figure 2.2: The metastable binary phase diagrams of the C-Fe (left) and C-Co (right) 
systems. 

Fewer thermodynamically stable high temperature phases exist in the C-Co 
phase diagram [51], see right panel of Figure 2.2, in comparison to the C-Fe 
system. However the difference in activation energy for transformation be-
tween Co phases is small which may lead to different phases of particles due 
to thermal variation [52]. This small activation energy difference may also 
lead to stacking faults in the structure. Besides the bulk �-Co (hcp) phase, 
the metastable �-Co (fcc) is sometimes observed [11], although it is not part 
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of the thermodynamically stable phase diagram at temperatures lower than 
~690 K. A more recently discovered phase is �-Co, which is similar in struc-
ture to �-Mn [52, 53]. Deposition of this phase has only been achieved by 
slow crystallization, low temperature methods.  
Impurity stabilized metastable phases may also occur [54]. For the experi-
mental conditions used in this thesis, the most common impurity species 
would be carbon. 
 

Properties of Fe and Co 
The elemental neighbors Fe and Co share very similar properties [55], 

which are summarized in Table 2.1, though their vaporization enthalpies 
differ to some extent. 
Table 2.1: Some important properties of Fe and Co summarized [55]. 

 Melting 
Point (K) 

Boiling 
point (K) 

Hvap 
(kJ/mol) 

Density 
(g/cm3) 

cp 
(J/K�mol) 

rmet 
(Å) 

Fe 1808 3134 347 7.9 25.1 1.24 
Co 1768 3200 375 8.9 24.8 1.25 

 

Magnetic properties of bulk Fe and Co 
The magnetic properties are also dependent on the crystalline phase that 

the metal has as the phase will influence the neighboring atom configuration. 
For bulk Fe, the �-Fe (bcc) is ferromagnetic with magnetization saturation 
2.23 �B/atom [56] and has a Curie temperature of 1043 K. The saturation 
magnetization of Fe is decreased by the addition of carbon at a rate faster 
than it would be by simple dilution; the carbon not only dilutes the Fe but 
reduces the average magnetic moment of the Fe atom. �-Fe (fcc) (due to 
magnetic ordering instabilities) has temperature dependent magnetic proper-
ties [49]. The “ground state” (low T), �-Fe (fcc) is antiferromagnetic. Ther-
mal heating leads to an inverse Invar effect, i.e. the atomic volume distorts to 
a larger sized high spin state, making �-Fe ferromagnetic [49]. At RT �-Fe is 
paramagnetic. 

 
In nature, bulk Co exists in the hcp phase up to temperatures of about 400-
500oC, where the phase transition to the fcc occurs. Hcp Co is ferromagnetic 
with magnetization saturation 1,71 �B/atom [56]. However, it was shown that 
both fcc or bcc Co-phases can be stabilized when Co is grown in the form of 
thin films or nanoparticles [11]. Both those phases are ferromagnetic and  
their saturation magnetization differs little from that in hcp Co (1,75-1,80 
�B/atom for fcc Co and 1,55 �B/atom for bcc Co) [57]. 
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2.3 Size dependent properties 
The size of the nanoparticle can be a deciding factor for its crystalline phase 
[58-62]. Because the surface energy for nanoparticles becomes such a domi-
nating force, changes, forming the most energetically favorable surface may 
occur. For example the [111] surface of a cubic close packed structure [1], 
thus minimizing the energy difference from the bulk, resulting from fewer 
bonds of surface atoms. This can produce faceted particles as well as leading 
to formation of other phases that have a lower energy than the stable phase 
of the bulk species. This size dependence for phase transformation has been 
observed and reported in several papers [58, 59, 63, 64]. Moreover, an in-
crease in the surface–to–volume ratio of magnetic nanoparticles, leads to an 
increased fraction of the total crystal volume that consists of surface atoms. 
Those atoms have a lower symmetry environment as compared to the bulk 
atoms. Thus, one can expect a different anisotropic behavior coming from 
the surface magnetization. For example the magnetic anisotropy in the Co 
nanoparticles is shown to be of an order of magnitude higher than in bulk 
Co, which is related to the surface effect [11]. 

Iron nanoparticles  
A size dependence on the preferred crystalline structure, �-Fe (bcc) or �-Fe 
(fcc), for Fe nanoparticles has been reported [64-66], where �-Fe is the pre-
ferred phase for smaller particles ~10 nm in diameter. No general threshold 
diameter for phase transformation was observed, though it appears to be 
dependent on the nanoparticle synthesis method [64]. 

The magnetic properties of the Fe particles also varies with size, the �-Fe 
particles are, like the bulk, ferromagnetic, �-Fe particles are paramagnetic, 
and small Fe particles (about < 5 nm in diameter) are usually found super-
paramagnetic [64-68]. Also, for the same magnetic phase, the properties may 
differ slightly due to size. For example, Fe nanoparticles in an amorphous 
alumina matrix are reported to have coercivities that strongly depend on 
particle size [67]. 

Cobalt nanoparticles 
For Co nanoparticles, �-Co particles are ferromagnetic. When the parti-

cles have a diameter of less than 10 nm, �-Co becomes the stable phase, and 
these particles have superparamagnetic properties [58, 63, 68, 70].  

As is typical for nanoparticles, the magnetic properties (saturation mag-
netization, coercivity) of nanoscale Co particles also changes gradually due 
to the change in size of the nanoparticle [53, 71]. The critical size for a fer-
romagnetic Co spherical particle to retain a single domain state is 35 nm 
[11]. Diameters in excess to this are energetically favorable for the formation 
of several domains. The Curie temperature becomes successively lower as 
the volume of a ferromagnetic spherical Co particle decreases. Co particles 
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surrounded by a CoO shell exhibit so called “exchange anisotropy”, ex-
change interaction between the two different magnetically ordered systems. 
This affects the resulting magnetic moment of the whole particle [11]. 
 

 

2.4 Synthesis of Fe and Co nanoparticles 
Fe and Co nanoparticles have been synthesized by a range of different meth-
ods, for example, cathode sputtering, electrochemical generation, atomic 
beam deposition, arc-discharge, preparation of nanoparticles from chemical 
compounds, ultrasonic decomposition of metal containing compounds, re-
duction of metal-containing compound (MCC) synthesis and synthesis of 
inverted micelles [11, 61, 64-72]. Many of these methods do not involve 
high temperatures during the synthesis or quenching of the heated products, 
thereby obtaining stable low temperature species. Metastable phases can be 
achieved mechanically, by stabilization of �-Fe phase particles in a matrix or 
in micelles [63, 73]. In deposition processes, such as LCVD, where particles 
are crystallized under high temperatures the particle formation process in-
volves evaporation/condensation, both phases of Co in the same sample of-
ten occur [52].  
 

Oxidation of transition metal nanoparticles by exposure to ambient air is 
usually a not a desired process. Many of the synthesis methods involve some 
sort of protection of the metal core of the particles from exposure. For ex-
ample, it might be inside a carbon nanotube, inside a carbon shell [68, 71, 
74-76] in a matrix or by forming a surface passivation layer of oxide [54, 66, 
77-78]. Arc discharge processes have been used to form a carbon coating on 
Fe nanoparticles [68, 75]. Passivation of the surface, inhibiting further oxida-
tion of the Fe core by the formation a thin epitaxial oxide shell, has also been 
used to protect the Fe particles [77]. 

Co is especially easily oxidized and unprotected nanosized Co particles 
will oxidize with a rapid heat emission when exposed to air. The reported 
formation of a passivation layer of Co oxide which inhibits further growth of 
the oxide is probably applicable to Co-particles that have a crystalline core 
with few stacking faults [52]. A protective shell of carbon reported varied 
effects [71, 74, 76]. The carbon shell of the particles varies from being a few 
atomic layers thick [74, 76], to large carbon nanotube structures grown by 
incorporation of fine metallic particles [79].  
Carbon encapsulated Co particles have been produced by LCVD [paper II], 
arc discharge [68, 71, 75], colloidal chemistry [72] and catalytic chemical 
vapor deposition (CCVD) [52, 79].  
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Nanoparticles aggregate easily, as van der Waal forces becomes important 
for these sizes, forming clusters. For magnetic particle clusters, magnetic 
coupling can occur for small magnetic grains of different magnetic moments 
that are in close vicinity of each other.  
This exchange interaction between a magnetic grain and its closest neighbors 
results in correlated magnetization over several grains leading to larger mag-
netic domains, reducing the potential packing density. Such an effect is un-
desirable for example in magnetic storage media. 
A physical distance between the magnetic grains of about 2 – 5 nm has been 
shown to be enough to break the exchange coupling and decouple the grains 
[80]. This physical distance could be a nonmagnetic layer or matrix, such as 
amorphous carbon or amorphous alumina [80].  

Another way to escape exchange coupling is to avoid aggregation. This 
can be achieved by attaching functionalized organic groups onto the carbon 
surface of the particles. E.g. if these groups have a hydrophobic end the par-
ticles repel each other and are also soluble in non-polar solvents [paper IV]. 

 
Many studies of Fe nanoparticles are concerned with their size dependent 

magnetic properties [64, 81]. It is highly desirable to be able to tailor the 
properties of transition metal nanoparticles by controlling size, phase, mag-
netic properties, aggregation and surface reactivity to be able to engineer the 
properties of any potential material. It has been of particular interest to avoid 
the martensitic transformation of high temperature �-Fe (fcc) to �-Fe (bcc) in 
order to be able to study the �-Fe properties more thoroughly. 

 
In order to establish the LCVD process for these purposes, characterization 
of the particles is vital. This thesis will focus on the LCVD nanoparticle 
formation process and characterization of its deposits, as well as providing 
an initial study of a possible area of application of the particles. 

Recently, carbon-covered Fe nanoparticles were synthesized by laser-
assisted chemical vapor deposition in various gas ambients using ferrocene 
as a precursor [82-86]. The deposited particles were of either �-Fe or �-Fe 
phase. This work continues the characterization of such LCVD deposited Fe 
particles, as well as applying this process for the deposition of Co-particles. 
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Chapter 3 

Tungsten oxide nanoparticles 
3.1 Precursor 
Tungsten hexafluoride (WF6), which is liquid/gas at RT, has been exten-
sively used as a precursor for W-particle and W-film synthesis [25, 26, 87, 
88]. It has a melting point of 275 K and boiling point of 290 K, making it 
easy to regulate the partial pressure by a flow meter, as it has a high vapor 
pressure at RT. For LCVD purposes it is commonly used in a gas mixture 
with H2. It has been established that an effective way of stripping a WF6 
molecule of all the fluorine is to use a combination of H2 and UV wave-
length photons [88]. Here photons strip off fluorine ions, producing tungsten 
subflourides WFx, where x = 4 is the most likely species. These molecules 
are less stable, and are reduced by H2 to W (g) and HF (g). WF6 exposed to 
only laser photons or H2 hase produced a less pure W (s) and much more of 
tungsten sub-fluorines (WF4-1). One 6.4 eV photon (193 nm) can strip of one 
F atom as the bond energies of WFx-F are 4.6 – 5.8 eV. The sequential strip-
ping reaction for WF6 is [88]; 

WFx 
nhv����WFx-1 + F� 

 
                                   F� + H2 ���HF + H� 

 
                                 WFx + H� ���  WFx-1 + HF� 
 
The absorption cross section (35 Å2 [16]) for a WF6 molecule at 193 nm 

makes the absorption of two 6.4 eV photons a likely event during the mole-
cules residence time in the laser beam [88]. 
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3.2 Tungsten trioxide 

 
Figure 3.1: The “pseudo” cubic monoclinic lattice of �-WO3. The lattice contains 
corner-sharing �WO6� octahedra coordinated in a slightly distorted superlattice. [89]. 

The thermodynamically stable crystal structure of WO3 is perovskite. This 
structure is, however, easily distorted resulting in various polymorphs at 
different temperatures. There are five polymorphs in the temperature region 
0 K to 1173 K [90]. These temperature dependent phase transformations 
involve tilting the �WO6� octahedra relative to each other, distortion of the 
�WO6� octahedral, and displacement of the central W atom in the octahedra. 
The effects of these small changes in the lattice are listed in Table 3.1 [90]. 
Table 3.1: The polymorphs of bulk WO3 that appear in the temperature region 0 – 
1173 K. In the overlapping temperature regions phase mixtures exists [90]. 

Polymorph structure Space group Temperature 
range (K) 

�-WO3 monoclinic Pc 0 - 230 
�-WO3 triclinic P1 232 - 288 
�-WO3 monoclinic P21/n 288 - 498 
�-WO3 orthorhombic Pmnb 598 - 1173 
�-WO3 tetragonal P4/nmm 1013 - 1173 

 
A large number of sub-stoichiometric phases, WO3-x (0 < x � 0.4), so called 
Magnéli phases, also exists [91, 92]. Their structures may differ slightly, 
producing super-lattices consisting of for example; W18O49,W25O73 and 
W32O84 etc. 
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3.3 Nanoparticle synthesis of WO3  
WO3 nanoparticles can be produced by a wide range of methods, such as sol-
gel synthesis [93, 94], self-propagating high temperature synthesis (SHS) 
[95], from solution [96], and gas phase methods such as advanced gas depo-
sition (ADG) [27-31]. Recently it has been shown that tungsten nanoparti-
cles can be deposited by laser assisted chemical vapor deposition (LCVD) 
using ultraviolet laser excitation of a WF6/H2/Ar gas mixture [25, 26, 97, 
98]. The size distribution of the particles could be controlled by tuning the 
laser parameters and the partial pressures of the reactants [26, 97, 98]. A 
narrow size-distribution of the particles could be achieved by avoiding ag-
gregation [96]. By adding O2 to the WF6/H2/Ar gas mixture using the LCVD 
technique, tungsten-oxide nanoparticles were produced [papers V-VI].  

3.4 Applications of WO3 films 
The active medium of a semiconductor gas sensor is typically a metal oxide 
semiconducting film such as SnO2, TiO2, ZnO, Cr2O3, Mn2O3 or WO3 [27-
31, 35, 99-101]. The usage of semiconducting WO3 as a solid state gas sen-
sor has been known for a long time [32, 33], and its properties have been 
extensively examined. 
Nanocrystalline tungsten oxide is promising as a catalytic and photo-
catalytic purifier for air and water, [102, 103] and as a component of electro-
chromic “smart windows” capable of controlling the transmittance of win-
dows providing indoor comfort with large energy efficiency [101, 104]. 
In general, n-type semiconductors have lower resistances in vacuum than in 
air since adsorbed O2 accepts electrons [35]. 
However, with WO3 and SnO2 as the active medium in miniaturized gas 
sensors lower resistances in air than in vacuum have been observed [105]. 
This is advantageous for gas sensor applications as most will operate in am-
bient air.  
A semiconductor gas sensor reacts to changes in the composition of the sur-
rounding gases via surface reactions, thus a large surface area of the sensor 
material is desirable. This is achieved by the LCVD deposition process, as 
the deposit consist of a film of aggregated nanoparticles, (see Figure 6.1b). 
Compared to a flat surface, a 1 mm thick LCVD nanoparticle film has 
>10000 larger surface area. Semiconductor gas sensors have proved to be 
very promising since they represent a low-cost option to the standard meth-
ods used today [35, 101]. 
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Chapter 4  

Results for transition metal nanoparticles 
 
4.1 Phase composition  

By TEM observations it was shown that the LCVD process can produce 
homogenous, structured spherical Fe and Co nanoparticles with a single 
crystalline core [papers I-III]. The particles were covered with an intermedi-
ate graphitic layer at the interface (mainly observed for Fe particles) of the 
metallic nucleus and the outer amorphous carbon shell, see Figure 4.1. 
 

 
 
Figure 4.1a: Single crystalline Fe nanoparticles encapsulated by a graphite layer and 
amorphous carbon, deposited at 160 mJ/cm2. 4.1b: Single crystalline Co nanoparti-
cle encapsulated by amorphous carbon, deposited at 190 mJ/cm2. 

 
TEM studies with application of CBED, showed that the individual Fe cores 
were single crystals, and that both �-Fe and �-Fe could be found within the 
Fe-samples [82-86, paper I]. Correspondingly, �-Co and �-Co could be 
found in the Co-samples [papers II-III]. The simultaneous occurrence of the 
two phases was also confirmed by XRD analysis. A estimation of the �-
Fe/�-Fe ratio was possible from the XRD measurements, since the two 
strongest reflections from either phase were present in the diffractogram, see 
Figure 4.2. 
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Figure 4.2a: XRD diffractogram (CuK�-radiation) showing both �-Fe and �-Fe con-
tent of a nanoparticle film as synthesized in 10 mbar of Ar (��� 100 mJ/cm2). Grey 
line corresponds to best pseudo-Voigt fit of the double peak. Figure 4.2b, XRD 
diffractogram (CoK�-radiation) of a Co nanoparticle film (��� 160 mJ/cm2). The 
broadened peaks of the strongest reflections of the �-Co and �-Co are not resolved. 

Because of the finite size of the individual diffracting volumes (i.e., each 
single crystalline nm-sized Fe core), a broadening of the peaks could be ob-
served, Figure 4.3a. This broadening makes the determination of the cell-
parameter of each phase very uncertain, i.e., one can not obtain information 
of possible carbon content within the Fe cores with satisfactory accuracy. 
This also applies for CBED analysis of the metallic nuclei of the particles, as 
the small size complicates a perfect alignment of a diffracting plane. 
 Additionally, considering the high temperatures that the laser-excited 
nanoparticles reach and the formation of a surrounding thin graphitic-like 
layer, see Figure 4.1, 4.3, 4.4 and 4.7b, it seems very likely that at least small 
amounts of carbon is dissolved in the Fe cores.  
Broader (111) peaks were observed from the �-Fe cores, as compared to the 
�-Fe (110) peaks in the analyzed samples, see Figure 4.2a. Application of 
the Scherrer formula [106], after subtraction of the instrumental broadening 
and assuming that the strain-induced broadening is negligible, on the FWHM 
values of the individual peaks, resulted in approximate mean diameters of 
~13 nm for the �-Fe and ~5.5 nm for the �-Fe particle cores. It is noted that 
the Lorentzian contribution to the Pseudo-Voigt fit, see Figure 4.2a, was 
very small, i.e., the broadening was mainly of Gaussian character, suggesting 
that it originates mainly from size-induced effects. 
 
From the relative integrated intensities of the two peaks shown in Figure 
4.2a, the relative content of each of the two phases (denoted as C� and C� = 1 
- C�) can also be estimated. Assuming that the nanoparticles were randomly 
distributed (no preferred orientation), the intensity ratio of the two reflec-
tions can be expressed as [paper I]: 
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where phkl is the multiplicity of the scattering plane, V the cell volume, Fhkl 
the structure factor for the (hkl) plane, Lp the Lorentz and polarization factor 
given by Lp = (1 + cos2 2�) / sin2 2���cos�� , where � is the Bragg angle of 
corresponding reflection, and the exponent is a temperature factor where M 
depends on the scattering angle and the amplitude of the thermal vibration. 
For adjacent lines (see Figure 4.2a), the temperature factor can be safely 
omitted [106]. By inserting the integrated intensities from each of the fitted 
peaks (see Figure 4.2a) and the other parameters in Eq.(4.1), the volume 
fraction of �-Fe was found to be ~30% and consequently the volume frac-
tion of �-Fe was ~70% [paper I]. These fractions, furthermore considering 
the characteristic sizes obtained by applying the Scherrer formula, result in a 
weighted mean crystallite size of ~8 nm. This corresponds well to the meas-
ured mean diameters of the Fe core determined by TEM, see Figure 4.6a.  

Table 4.1. Estimations of the fractions of �-Fe and��-Fe in samples deposited at 
different � by using Eq. 4.1. [paper I] 

��  
(mJ/cm2) 

�-Fe 
(bcc) 

�-Fe 
(fcc) 

75 45% 55% 
100 30% 70% 
160 20% 80% 

 
Equation 4.1 was applied to Fe-samples deposited at other �, presented in 
Table 4.1. This showed an increase in the �-Fe content of the films as the 
available laser power increased. As the mean size of the particles decreased 
at higher �, see Figure 4.6a, and, because the sizes of the �-Fe particles were 
smaller than the �-Fe particles, �-Fe is therefore the dominating phase for 
small Fe-particles. This analogy with the reported phase transformation of �-
Co to �-Co at particles sizes ~10 nm has not yet been clearly established for 
Fe nanoparticles, though many [58-60] observe both �-Fe and �-Fe in their 
nanoparticle synthesis. 

 
Samples consisting of Co nanoparticle films analyzed by XRD produced 
broadened peaks, mainly at the position for the strongest reflexion of the��-
Co, see Figure 4.2b. This suggest that a large fraction of the particles are 
very small (< 10 nm) as �-Co is the reported phase for particles smaller than 
10 nm [60, 61, 63, 70]. In Figure 4.2b the peaks were not resolved, partly 
due to the small size of the particles. Magnetic measurements (SQUID) indi-
cated (Figure 4.17c-d.) that the magnetic metallic cores were smaller than 
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the size observed by TEM (Figure 4.7b). The difference in size can be 
caused by exchange anisotropy, suggesting that the metallic core is sur-
rounded by another phase of different magnetic ordering, probably an oxide, 
as the presence of oxides was observed by both TEM (CBED) and XPS 
measurements [paper II]. If a fraction of the core volume closest to the inter-
face with carbon consists of oxygen this further reduces the metallic volume. 
This effect, combined with the small particle size, produces a very small 
diffracting volumes contributing largely to the broadening of the peaks ob-
served in Figure 4.2b. Therefore it is not possible to estimate the ratio of �-
Co and �-Co by Eq. 4.1 for the samples consisting of Co nanoparticles. It is 
of interest to note that it is not possible to discern phase contrast (between 
metal and oxide) in the metallic cores from TEM micrographs [paper III], 
Figure 4.3 and 4.4. 

The phase composition for the Co-samples therefore had to be obtained 
by indexation of TEM diffraction patterns (CBED and FFT). In these index-
ations much fewer particles are examined which will give less accurate sta-
tistics, and will most probably overestimate the contribution of large parti-
cles. This is because very small particles metallic cores (< 1 nm) produces 
undefined patterns, making definite phase determination impossible [paper 
III]. Stable nuclei down to a diameter of 1 nm were observed [paper II], see 
Figure 4.4a. All observed particles with these small nuclei were �-Co. 

 
Figure 4.3a: A HRTEM micrograph of a single crystalline Co nanoparticle sur-
rounded by an amorphous carbon shell, deposited in the high fluence region. The 
FFT-pattern (inset) corresponds to the [ ] zone axis of a fcc particle. The particle 
has a nucleus of 17 nm in diameter. Figure 4.3b: Two particles that solidified before 
they coalesced completely. The smaller particle (12 nm nucleus) is of �-Co phase, 
shown by the FFT-pattern of the [011] zone axis, left inset.  The FFT-pattern (right 
inset) of the larger particle (51 nm nucleus) is the [ ] zone axis of �-Co phase. 
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The general trend of the phase composition of the Co-nanoparticles were 
determined by CBED and FFT-patterns, where for each fluence region, ap-
proximately 20-30 particles were indexed. For this indexation some observa-
tions are worth mentioning. �-Co (fcc) nuclei were found for particles with a 
metallic core from 1 nm up to a nuclei diameter of 60 nm. No indexed �-Co 
(hcp) nucleus were smaller than 20 nm in diameter. It can thus be concluded 
that the �-Co (fcc) phase dominates for smaller particles [papers II-III]. For 
the fluence region 20-100 mJ/cm2 the particles were mostly polycrystalline, 
lacked a carbon shell and varied greatly in morphology, see Figures 4.8b and 
4.9. For these, CBED-patterns covering whole aggregates were indexed. At 
100-145 mJ/cm2 the polycrystalline particles were less aggregated but still 
lacked a carbon shell [papers II-III]. This lack of carbon shell was likely the 
cause for the relatively high oxide content for the samples observed for � < 
145 mJ/cm2. The oxide content of the Co particles also increased with time if 
exposed to air [paper II]. At � >145 mJ/cm2, single crystalline nuclei were 
found [papers II-III]. The oxide presence observed in Table 4.2 originated 
from fully oxidized nuclei. Where well structured Co nanoparticles appears 
for the 10 Pa series, at the �-value for maximum deposition (~145 mJ/cm2), 
the �-Co phase dominates. Its fraction further increase at higher � (160 – 220 
mJ/cm2), which correlates with a decreased mean size of the Co-particles, 
see Figure 4.6a. 

Table 4.2. The general trends in phase composition of Co-samples deposited at cer-
tain fluence regions, as observed by indexation from CBED or FFT-patterns from 
30-40 particles for each fluence region.  

�� 
(mJ/cm2) 

�-Co  
(hcp) 

�-Co 
 (fcc) 

Co3O4 
(spinel) 

CoO  
(fcc) 

Co2C   
(orthorhombic) 

20-100  20% 20% 20% 30% 10% 
100-145 33% 33% 14% 20% - 
145-160 25% 60% 15% - - 
160-220 16% 77% 7% - - 

 
In general, the phase composition of the deposited Fe and Co nanoparticles 
appeared to be determined by their sizes [papers I-III]. As their size de-
creases and their diameter becomes less than ~10 nm, the dominating phase 
is fcc for both Fe and Co [papers I-III]. This trend may be caused by stabili-
zation of high temperature phases by the high surface energy of the small 
particles. Another possible cause for this observation could be quenching, 
since the cooling rates are high. The high cooling rates observed for 
nanoparticles (~ -108 K/�s [83, 86]) may be high enough to quench the small 
particles in the high temperature phase. Smaller particles have higher cooling 
rates according to Eq. 4.3, taking the size dependence on absorption cross 
section (� abs) and the heat capacity (cp) into account. 
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Figure 4.4a: HRTEM image of two small particles. The nuclei are 9.5 and 1.5 nm 
respectively. The FFT patterns of these particles are somewhat diffuse but corre-
spond best to the fcc-phase. The carbon shells of both these particles have a thick-
ness of around 7 nm. Figure 4.4b: Co particles of �-Co (upper, ~20 nm diameter) 
and �-Co (lower, ~40 nm diameter).  

 

4.2 Deposition rate 
 
The deposition rate of the particles was strongly dependent on �� as was 
observed by XRFS measurements [paper III]. The deposition rate had a 
sharp increase at a certain �values specific for the precursor partial pres-
sure, see Figure 4.4. This threshold value (�th), for the laser power in order to 
obtain significant particle deposition, was ~30 mJ/cm2 and ~80 mJ/cm2 for 
10 Pa FeCp2 and CoCp2, respectively. For 30 Pa CoCp2 this is achieved at 
~25 mJ/cm2. At laser powers lower than �th, a slow deposition rate can be 
explained by a low degree of supersaturation in the gas phase. Very likely at 
�th, supersaturation is achieved, and nuclei larger than rcrit form by homoge-
nous gas phase nucleation. For the 10 Pa series, at �� >> �th, the evaporation 
rate of atomic species from the metallic core is higher than the nuclea-
tion/atomic adsorption rate, and thus the deposition rate decreases. At a cer-
tain �-value, maximum deposition rate is achieved for the 10 Pa series, ~55 
mJ/cm2 and ~145 mJ/cm2 for Fe and Co particles, respectively, seen in Fig-
ure 4.4a. For 30 Pa CoCp2, saturation in the deposition rate is achieved at 
~50 mJ/cm2. These values roughly coincides with the appearance of well 
defined and single crystalline nanoparticles for respective partial pressure 
series, see section 4.1. It has been observed earlier that a certain value of �� 
is needed in order to obtain single crystalline metal nanoparticles. The re-
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quired ��for “direct” annealing was found to be associated to heating the Fe 
or Co particles to ~Tb [83, 84, paper III].  

 
Figure 4.4a: The deposition rate of Fe as expressed by the intensity of the FeK� line 
(10 Pa FeCp2). A threshold value (�th ) of ~30 mJ/cm2 is required for significant 
deposition of Fe, at ~55 mJ/cm2 maximum deposition rate is reached, at higher �  the 
deposition rate decreases due to evaporation. Figure 4.4b: Deposition rates of Co at 
different partial pressures (2-30 Pa CoCp2). �th are ~100 and ~25 mJ/cm2, while 
at�~145 and ~55 mJ/cm2 maximum deposition rates are reached, for 10 and 30 Pa 
respectively. At 2 Pa a stable low signal was observed.  

 
As seen in Figure 4.4 the laser power onset for significant deposition (�th) 
varies at varied partial pressures, higher precursor partial pressures lowers 
the �th, compare the 10 and 30 Pa CoCp2 series in Figure 4.4b. Assuming 
each photon absorption event for a precursor molecule results in a total dis-
sociation, a crude estimation of the number of absorbed photons (at the re-
spective �th, for each partial pressure) results in roughly the same number of 
dissociated  atomic species in the gas phase, for 10 Pa FeCp2, 10 Pa CoCp2 
and 30 Pa CoCp2. This also indicates a supersaturation threshold for obtain-
ing stable particle nuclei [papers I, III]. For the 2 Pa CoCp2 series in Figure 
4.4b, no significant deposition is expected in the fluence region examined.  

4.3 Size distribution 
The size distribution of the deposited transition metal nanoparticles were 
characterized by measurements from bright field TEM micrographs.  
Between 200 to 500 particles, depending on the sample conditions, were 
measured in order to obtain desired statistics for the size distribution plots, 
see Figure 4.5a. All the deposited transition metal nanoparticle size distribu-
tions were close to log-normal [papers I-III], see Figure 4.5b. The largest 
contribution to deviation from the log normal distribution originate from 
coalescence of the heated particles, i.e. a particle volume grows by incorpo-
ration of an already formed stable nuclei, instead of by only adsorption of 
atomic species. Coalescence can have a non negligible contribution to parti-
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cle growth when particle concentration is high and collisions between 
formed stable nuclei are likely. These conditions may occur at high partial 
pressures. For experimental parameters presented in this thesis the coales-
cence contribution was found to be negligible [papers I, III].  

In measurements only particles with a clearly discernible nucleus were 
accounted and particles with indistinct nuclei disregarded. Likely, such 
measurements will underestimate the number of very small particles (total 
diameter < 4-5 nm) as the small core volume will not be seen by TEM. For 
aggregates that had clearly discernible particles, see Figure 4.5a, each indi-
vidual particle was measured. These observed aggregates may form in the 
gas-phase or on the surface of the substrate. As can be seen in Figure 4.5b, 
the size distribution follows a log-normal size distribution except for the 
smallest particles. The log-probability plot shows the percentage of the parti-
cles that are below the size indicated by the line, see Figure 4.5b. A perfect 
log-normal distribution would produce a straight line in the plot and any 
deviation from a straight line indicates a deviation from log-normal distribu-
tions. Size distributions like Figure 4.5b, were obtained for Fe-particles de-
posited at various �, see Figure 4.6a. It was shown that the maximum obtain-
able particle size occurs at similar �-values corresponding to where the 
maximum deposition rate is achieved. Thereafter the particles decrease in 
size as �  increases. As it was shown earlier, the deposition rate decrease of 
Fe at � > 75 mJ/cm2, see Figure 4.4a, could be assigned to a high evapora-
tion rate [86]. This will be further discussed in the spectroscopy section. 

 
Figure 4.5a: A typical TEM micrograph from which the size distribution of the Fe-
particles were obtained, here particles deposited at 10 Pa FeCp2 and 160 mJ/cm2. 
Figure 4.5b: The log-normal size distribution (lower) of the particles of 4.5a. The 
geometric mean diameter of the particles is 16 nm. The log-probability plot (upper) 
forms an almost straight line, indicating close adherence to a log normal distribution. 
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As the partial pressure increases so does the particle size. This indicates a 
higher degree of supersaturation value leading to larger particles, see Figures 
4.6b and 4.7b. This is in line with the observations of the deposition rate, 
where a tripling of the precursor pressure doubled the amount of deposited 
Co, see Figure 4.4b. A linear volume increase with increased precursor pres-
sure can be expected for the LCVD process within certain limits [16]. Limits 
are high attenuation of the laser beam caused by a high particle density 
and/or by a high precursor concentration. 

 
Figure 4.6a: The mean total diameter and nucleus diameter for samples deposited at 
various �� (10 Pa FeCp2). Maximum diameter are obtained at��� �mJ/cm2, and the 
diameters decrease at higher �. Figure 4.6b: The partial pressure of FeCp2 (as deter-
mined from weight loss measurements at 50°C sublimation temperature) and the 
mean volume of the Fe content of the deposited particles as function of total pres-
sure (the inserted dashed lines are a guide for the eye). 

An ~85% decrease in the total volume of the Fe-nanoparticles is observed 
when ���is increased from ~55 mJ/cm2 to > 250 mJ/cm2, as shown in Figure 
4.6a. The carbon shell thickness proved to be relatively constant with respect 
to the size of the nuclei. For total diameters > 15 nm the carbon shell thick-
ness was 6-7 nm, whilst for smaller particles the carbon shell thickness de-
creased to ~4 nm [papers I-III]. 

Co nanoparticles deposited above 145 mJ/cm2 were roughly similar in 
size to Fe particles deposited at corresponding experimental parameters, and 
followed similar trends regarding �� and precursor partial pressure (apart 
from the higher �th) [papers II-III]. This can also be observed for the deposi-
tion rate of respective metal, at different laser fluences and partial pressures, 
see Figure 4.4b. The maximum geometric mean diameter of the Co particles 
is obtained at ~145 mJ/cm2, about 2.6 times higher than for the Fe-particles ( 
~55 mJ/cm2), see Figure 4.7. As CoCp2 has a lower absorption cross section 
by a factor of 2.3 compared to FeCp2 [paper III], in both cases roughly the 
same numbers of metal atoms can be expected to have formed by precursor 
dissociation, at their respective laser fluence value for maximum diameter.  
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Figure 4.7a: Log normal distribution of Co particles deposited at 220 mJ/cm2, as 
obtained from TEM micrographs. Figure 4.7b: The total diameter at different �, at 
10 Pa and 30 Pa CoCp2. The total diameter decreases as �� is elevated. The volume 
doubles at 30 Pa compared to particles deposited at 10 Pa, with both samples depos-
ited at 160 mJ/cm2. The inset TEM micrographs illustrate particles obtained at �  = 
160 mJ/cm2 (upper) and at �  > 200 mJ/cm2 (lower), where particles with shrunken 
metal cores can be observed. 

Also, when comparing the mean volume of the Co and Fe particles depos-
ited at their � for maximum mean diameter, the Fe particles are ~2.5 larger 
than the Co particles. 

An important difference between the Co and Fe processes is the morphol-
ogy of the deposited particles below their respective laser fluence value for 
maximum diameter [papers I, III]. For Co, no well shaped spherical particles 
form below ~145 mJ/cm2, see Figure 4.8b and 4.9. The Fe process produces 
less crystalline but still spherical particles for � = 10 – 55 mJ/cm2. Therefore 
it was not possible to obtain a size distribution of the particles in the Co-
process at �� < 145 mJ/cm2. See Figure 4.8 and 4.9 for examples of the dif-
ferent morphologies of the particles. 

Factors affecting the observed volume of a deposited nanoparticle are; 
growth processes, such as nucleation and adsorption, fluence, evaporation of 
atomic species from the particle, repetition rate, and the residence time of the 
particle in the laser beam path (i.e. the number of pulses the particle is ex-
posed to). How much each factor contributes to the resulting volume is diffi-
cult to estimate, after the pulsed heating of a formed particle with a carbon 
shell. In particular the evaporation effect of a formed particle surrounded by 
solid shell is difficult to estimate since the carbon shell may trap the boiling 
metal. On the other hand, a large fraction of the metal may escape if the dif-
fusion rate through the carbon shell is fast, which indeed appears to be the 
case for Co particles at elevated �� see Figure 4.14. 
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Figure 4.8a: Example of Fe particles deposited at low ��(< 30 mJ/cm2). Figure 4.8b: 
TEM micrograph of Co particles deposited at 70 mJ/cm2. No well defined nuclei and 
carbon shell are visible, and the particles are polycrystalline. The polycrystalline 
diffraction pattern of the largest particle corresponded to d-values of �-Co (inset).  

 

 
Figure 4.9a-c: Co particles deposited at ���� 20 – 70 mJ/cm2. The size and morphol-
ogy varied greatly. Figure 4.9e, A typical polycrystalline diffraction pattern from 
particles in 4.9a-c. The diffraction pattern corresponded to �-Co. Figure 4.9d: Co-
particles deposited at 100 mJ/cm2, have more spherical shape but are still amorphous 
or polycrystalline and lacks carbon shell. Figure 4.9f: A typical SEM micrograph of 
an LCVD deposited nanoparticle film, in this case Co particles, consisting of aggre-
gated particles. 
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4.4 Optical emission spectroscopy 

The temperatures of the laser heated transition metal nanoparticles formed in 
the gas phase were obtained from their black body radiation recorded from 
in-situ OES measurements. Equation 1.4.3 was fitted to spectra of the black 
body radiation, corrected with the transfer function obtained by the tungsten 
lamp, see Figure 4.10 for examples of measured black body spectra fitted to 
Eq. 1.4.3.  

 
Figure 4.10: Typical corrected black body radiation curves measured from Co 
nanoparticles (1 �s after the laser pulse) at two different �, resulting in different 
particle temperatures. The temperatures were obtained by Eq. 1.4.3 (grey lines). 

 
The in-situ OES measurements of the LCVD process showed that particles 
reached a saturation level at a temperature very close to the boiling point of 
the respective metals at elevated laser fluences�!"#��papers I, III], see Figure 
4.11. Importantly, since it is often impossible to measure the black body 
radiation directly after the pulse, due to interfering elemental lines, the 
measurements in Figures 4.10 and 4.11 have been performed with a delay to 
the pulse of at least 0.5 �s for Fe, and 1 �s for Co. Figure 4.11 shows that the 
Fe particles have a slightly slower temperature increase as a function of the 
��compared to the rapid increase for Co particles. Extrapolation from the 
initial cooling rate obtained in Figure 4.12 to 0 �s delay time, the Fe parti-
cles reached the boiling point at about 100 mJ/cm2, i.e. at a �  higher than 
their �-value for forming well defined crystalline particles. Conversely the 
Co particles reached the boiling point already at about ~80 mJ/cm2, at a �� 
lower than their �-value for forming well defined crystalline particles. 
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Figure 4.11: The temperature curves of the Fe and Co particles 1 �s after the laser 
pulse for different �. Figure 4.11a: The Fe particles reach boiling point at ~100 
mJ/cm2. Figure 4.11b: The Co particles have a more rapid temperature increase than 
the Fe particles, reaching boiling point at ~80 mJ/cm2. 

The temperature decay plot for Co is similar, but not identical to Fe, Figure 
4.11. Co has a slightly slower initial cooling rate as well as slower tempera-
ture decay at longer delay times. Linear approximations of the initial cooling 
rate ~1.5 �s after the laser pulse produces cooling rates of -500 K/�s for Fe 
particles and -300 K/�s for Co particles [86, papers I, III], which gives a 
temperature of ~3200 K immediately after the laser pulse, i.e. the particles 
reach the boiling point. Similar approximation for the 1.5 – 10 �s time pe-
riod give a cooling rate of for Fe and Co particles of about -100 K/�s and -50 
K/�s respectively [86, papers I, III].   

 

 
Figure 4.12: The temperature of the Fe (black) and Co (grey) particles at different 
delay times after the laser pulse. Both metals have reached boiling point directly 
after the pulse but Fe particles have a more rapid cooling rate than the Co particles.  

In order to interpret the similarities and differences in the temperature meas-
urements, the cooling mechanisms of the particles have to be established. 
The possible energy-releasing processes for a nanoparticle (surrounded by a 
carrier gas) are: thermionic electron emission; evaporation of at-
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oms/molecules (unimolecular decay); thermal (black-body) radiation; and 
inelastic collisions between ambient gas atoms and the particles (resulting in 
heat transfer). 
For Fe nanoparticles, the dominating energy releasing mechanisms during 
temperature decay from boiling point (3134 K) to 2000 K has been exten-
sively examined earlier by theoretical calculations coupled with experimen-
tal observations from OES [86]. It was determined that evaporation is the 
major energy loss mechanism above ~2600 K [86]. The same dominating 
energy-releasing processes close to the boiling point can be expected from 
Co nanoparticles due to their similarities [55, paper III]. Energy loss from 
black-body radiation would be negligible [paper I], having a cooling rate 13 
K/�s for the temperature region in Figure 4.12 [86]. These results stemmed 
from theoretical models using a modified Stefan-Boltzmann law [86]. These 
predictions for the Fe particles were based on a total mean particle diameter 
of 16 nm (core diameter ~5 nm) and the emissivity from C, since this is the 
dominating element present in the particles [paper I]. 

 
Figure 4.13: Calculated evaporation decay rates of Fe (diameter 5 nm), Co (diameter 
5 nm) and C (diameter 16 nm) nanoparticles as a function of temperature. The 
evaporation rate of the Co particles were ~1 order of magnitude lower than for Fe, 
while the evaporation rate of C was ~3 orders of magnitude lower. 

The estimated thermionic emission rate is very low, due to the progressively 
increased ionization potential, resulting in insignificant cooling [86, paper I]. 
Estimations of the evaporation rates for Fe, Co and C were obtained by Ar-
rhenius-type models developed by Klots, refs. [107, 108]. The activation 
energy expressions used in calculations of the evaporation rates were: 
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for the carbon, where Na is Avagadro´s number, ca, TB, � and Ns denote 
atomic heat capacity, boiling point, surface energy and number of surface 
atoms, respectively, kB is Boltzmann´s constant and Hf and Hvap are the molar 
heats of formation and vaporization, respectively.  
The surface energy term is added to the evaporation expression for carbon 
because the surface atoms of nanoparticles belong to the carbon shell. No 
surface energy data was found for the liquid Co - solid carbon interface, 
which may lead to an underestimation of the evaporation rate for Co. The 
results show that Co has roughly a one order of magnitude lower evaporation 
rate than Fe [paper III], see Figure 4.13; thereby explaining the slower cool-
ing (Figure 4.12) compared to Fe. The lower evaporation rate, together with 
a slightly larger absorption cross section for Co-particles, see Table 4.3, ex-
plains the more rapid temperature increase close to the boiling point (see 
Figure 4.11b). Fe has a less rapid temperature increase due to better heat 
dissipation by evaporation [86, paper I]. With increased ��� the net evapora-
tion from a particle increases. For Fe this effect was observed by the de-
creased mean diameter of the particles.  

 
Figure 4.14: Co particles deposited at 220 mJ/cm2. In these high fluence region 
particles with partly evaporated metallic core were observed. 

The strong evaporation at high ��� is also supported by the observations in 
Figures 4.6a and 4.7b, as well as the strong Co elemental lines observed 
shortly after the laser pulse [paper III]. As seen in Figure 4.14 the half empty 
Co-core is a strong indication of evaporation [paper III]. Considering the 
particle size dependence of the absorption cross section and particle heat 
capacity, the volume fraction losses due to evaporation would be expected to 
be size independent.  
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Table 4.3: The absorption cross section at 193 nm of a spherical particle 10 nm in 
diameter containing a pure element, as calculated by software utilizing the BHMIE 
Fortran code, ref. [24]. Fe and Co have similar absorption cross sections, whereas a 
spherical graphite particle would absorb less photons. 
 

Particle 
(r = 5 nm) 

�abs 
(	 = 193 nm), [10-13 cm2]  

Fe 4.2 
Co 4.6 

Graphite 2.5 
 
From the slope of the delay series in Figure 4.12, the heat transfer mecha-
nisms for metal nanoparticles below ~2600 K can be characterized. A linear 
fit of the slope between 1.5 to 10 �s produces a cooling rate of ~-100 K/�s 
for the Fe particles and -50 K/�s for the Co particles. A crude extrapolation 
of these rates, indicates that Fe and Co particles would have plenty of time 
reaching RT before the next laser pulse [86, papers I, III]. The inelastic in-
teractions between the nanoparticles and Ar atoms can be described by the 
following equation [16]: 
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where f is the degree of freedom, r is radius of the nanoparticle and T0, P and 
mg the temperature, pressure and atomic mass of the quenching gas respec-
tively. The accommodation factor, & ,describes the degree of inelasticity in 
the collisions between the nanoparticle and quenching gas. For the Fe parti-
cles, & , has been determined (at different quenching gas pressures) to be 0.2 
[84]. This value can also be safely used for Co particles too, given their simi-
lar thermodynamic properties, (given in Table 2.1 and Figure 4.15) and par-
ticle temperature. For these calculations, a mean heat capacity for Fe, Co and 
amorphous carbon (glassy carbon) in the temperature range 3100 – 300 K, 
has been used, as obtained from refs. [55, 109, 110] and plotted in Figure 
4.15. For the Co particles, mean sizes typical for measurements in Figure 
4.12 have been used to calculate the total heat capacity of the particle. For a 
16 nm Co particle (5 nm nucleus diameter) the total heat capacity is ~8.5�10-

18 J/K. This gives a cooling rate of ~ -45 K/�s using Eq. 4.3 and a total pres-
sure of 2000 Pa. This is very close to the observed cooling rate (50 K/�s), 
confirming that heat transfer due to inelastic collisions dominates at particle 
temperatures lower than 2600 K [paper III]. The remaining cooling (~-5 
K/�s), can be attributed to radiative cooling.  
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Figure 4.15: The heat capacity for the bulk elements in the temperature region 298 K 
to their respective boiling point with phase transformation enthalpies included. The 
integrated areas under the plots represent the energy required to reach the boiling 
point from RT. The Fe and Co have very similar energy requirements for reaching 
the boiling point. 

 

4.5 Raman spectroscopy 

The microstructure of the carbon shell surrounding the Fe and Co particles 
was examined by Raman spectroscopy, (Figure 4.16), confirming the pres-
ence of graphitic and amorphous carbon [papers I, II, III]. No difference in 
carbon content could be observed for the Fe and Co particles, although a 
larger fraction of graphitic layers was observed by TEM for Fe particles. It is 
apparent that the graphitic layers at the interface of the core and shell are a 
small fraction of the total deposited carbon, producing an insignificant con-
tribution to the measured Raman spectra. 
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The “graphitic” G-peak, (stretching vibration in the E2g mode of graphite 
[111]) was positioned at 1575 cm-1 for 514 nm and 1588 cm-1 at 780 nm, and 
the “disordered” D-peak (a A1g mode of the lattice that becomes Raman ac-
tive for finite graphite crystallite sizes [111]) was located  at 1340 cm-1 for 
514 nm and 1305 cm-1 for 780 nm. Broadening of both peaks was observed 
for all samples. The broadening indicates a large amorphous carbon 
(strongly disordered Sp2-hybridized C) content with additional graphitic 
structures [111, 112]. From the relative intensity ratio of the D and G-peaks, 
an average crystallite size of 3-4 nm for graphite was calculated [111]. As a 
result of resonant Raman scattering, the D-peak shifted from ~1340 cm-1 at 
514 nm to ~1305 cm-1 at 780 nm [113]. Defects in the carbon phase of the 
films are indicated by the increased background intensity at 514 nm, which 
is caused by photoluminescence emission. Peaks positioned at ~920 - 990 
cm-1 for the Co sample deposited at 220 mJ/cm2 and 10 Pa are attributed to 
Si-O vibrational modes originating from SiO2 on the Si-substrate surface 
[114]. 

 
Figure 4.16: Raman spectra of the carbon content of deposited Fe (a) and Co (b) 
particles (for two samples, 30 Pa, ���� 95 mJ/cm2 and 10 Pa, � = 220 mJ/cm2), at 514 
and 780 nm excitation wavelengths respectively. 

The graphite layers in the particles are suggested to originate from the mol-
ten metal core, where the solubility of carbon is high, see Figure 2.2. The 
graphite is believed to be precipitated from the metal as the temperature and 
solubility decreases [84, 86, papers I, III]. 

The amorphous shell has been suggested to form on the surface of the 
particles by adsorption/decomposition of the carbon containing fragments in 
the gas phase [papers I]. These mechanisms have also been observed when 
growing a carbon shell by arc discharge on Fe particles [115]. 
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4.6 Magnetic measurements 
 

Samples of Fe and Co nanoparticles were measured by SQUID magnetome-
try in order to establish the magnetic phases of the deposited samples. Since 
the samples contained a mix of phases, several different magnetic phases for 
each sample were expected. The sample preparation involved exposure to 
ambient air, which is known to affect the Co particles, due to oxides forma-
tion, changes the magnetic properties. In the measurements displayed in 
Figure 4.17, the mean volume of the Fe cores were ~3 times larger than the 
Co particles. Co particles with mean volumes similar (core diameter = 8 nm) 
to the Fe particles were also measured, and the results were identical with 
the measurements presented here for Co particles. 

 
Figure. 4.17. Temperature dependence of static magnetization (a and c) and mag-
netization isotherms (b and d) of Fe (a-b) and Co (c-d) nanoparticles. The Fe parti-
cles have a mean nucleus diameter of ~6 nm, while the Co particles have an average 
diameter of ~4 nm, both coated with ~7 nm of carbon. Curie-Weiss law curve fit in; 
a) and c) are indicated by the lines. 

For the Fe particles, a wide ZFC curve was observed, see Figure 4.17a, indi-
cating a relatively wide particle size distribution. The FC curve, Figure 
4.17a, has a fit that closely follows the Curie-Weiss law [56]. This shows 
that the exchange interactions between the Fe nanoparticles are negligible. 
The Fe particles have a small coercive field at 10 K, and at higher tempera-
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tures the Fe-particles are superparamagnetic. The magnetization saturation is  
about 6-7 emus/g for these Fe particles, (Figure 4.17b). Bulk Fe has 218 
emu/g at RT [56]. Using a 35 wt% Fe content of the nanoparticle sample, 
and assuming ~30 % bcc Fe phase component in it [paper I], the volumes of 
the magnetic and non magnetic Fe content can be estimated as:  

Vnon-magnetic � 3Vmagnetic 
which gives the following relation of the diameters of the magnetic and non 
magnetic Fe content: 

dmagnetic � dnon-magnetic/1.45 
This suggest that smallest particles are non magnetic, most probably �-Fe 
which is paramagnetic for bulk Fe. These estimations, however, have not 
considered any oxide contribution to the magnetization. Since both Fe2O3 
and Fe3O4 are magnetic, whilst FeO is not magnetic, the net effect on mag-
netization of any oxidation is hard to estimate. 

In Figure 4.17c and d the FC and ZFC magnetization curves of Co 
nanoparticles are plotted as a function of temperature for the assembly 
coated with carbon. Co’s FC magnetization curve decrease monotonically 
with increasing temperature, and can be fitted by Curie-Weiss law (Figure 
4.17c, solid line), thus showing that the exchange interactions between the 
Co nanoparticles are negligible [56]. The ZFC magnetization curve for Co 
shows a very broad peak with its maximum shifted towards higher tempera-
ture (from about 75 to 125 K), indicating a broader particle size distribution 
than for the Fe particles [116].  However, as seen from TEM analysis, the 
single particle size distribution is rather narrow (� � 1.5).  As also seen from 
the Figure 4.15a and c, ZFC and FC curves superimpose at temperatures of 
about 400 K for Co and 320 K for Fe. This may imply that some of the parti-
cles are not superpramagnetic any more at those temperatures and a nonequi-
librium magnetization state for the ZFC case exists. 
ZFC magnetization behavior may indicate the existence of long range di-
pole-dipole interactions between the particles, pointing to aggregates of Co 
nanoparticles, as observed for the nanoparticle film structure in Figure 4.9f. 
The aggregated nanoparticles act as a cluster, resulting in the increase of 
ZFC curve maximum. These results are consistent with TEM and SEM (Fig-
ure 4.5a and 4.9f) observation of large particle aggregates. 

The magnetization curves as a function of magnetic field at T=10 K and 
250 K are plotted in Figure 4.17d.  The magnetization curve at 10 K exhibit 
a slight hysteresis loop, with coercive field of about 10 mT, indicating that a 
fraction of the nanoparticles are in blocking state. At T=250 K, no hysteresis 
has been observed, i.e. all particles are superparamagnetic at this tempera-
ture. As shown in the literature, the 0 K saturation magnetization is equal to 
162.5 emu/g for pure fcc Co [117].  Note that the sample contains 35wt.% 
Co, and if one considers that all Co particles are magnetic, then the expected 
saturation magnetization value should be about 57 emu/g. However, as seen 
from Figure 4.17d, the measured magnetization is much lower, even though 
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it does not reach its saturation value at the maximum applied field of 2 T. 
Therefore, the Co nanoparticles can have core shell structure where the fer-
romagnetic cores are surrounded by antiferromagnetic CoO layers [11]. This 
results in a significant decrease of the measured magnetization value of Co 
nanoparticles 

In summary, it can be said, that the deposited particles generally are su-
perparamagnetic. This could be due several causes, the general small size of 
the particles, and for the Fe particles dominating �-Fe phase, which is para-
magnetic and for Co particles, the large oxide fraction of the core, which 
decreases its magnetization. No exchange coupling existed between the par-
ticles, probably due to the carbon shell. Long-range dipole-dipole interac-
tions were observed which are attributed to the aggregation of the particles 
during deposition. 

4.7 Functionalization of iron nanoparticles 
 
The prospect of selective area deposition of magnetic nanoparticles is attrac-
tive for a range of potential applications, such as magnetic patterning of sur-
faces [118]. By modifying a functionalization process for multi-wall carbon 
nanotubes (MWCNT), which was previously successfully used for selective 
area deposition [119], it was possible to selectively deposit functionalized Fe 
particles on Si/SiO2 substrates. For Fe particles, this method includes a re-
moval of the amorphous carbon shell and the attachment of functional 
groups on the graphitic layers rendering the particles hydrophobic [paper 
IV]. This avoids aggregation in non-polar solvents, and attracts the particles 
to a non-polar H-terminated Si surface.  

 
Figure 4.18: A functionalized Fe-particle where the amorphous carbon is removed 
while the graphitic layers remains, which are visible closest to the Fe-core. 

The functionalization method, see Figure 4.19, involved a transfer of the 
nanoparticle deposit into a liquid phase (deionized water). The deposit was 
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dispersed ultrasonically and was acidified with HNO3. Refluxing the mixture 
at 95°C for 5 h oxidatively remove the amorphous carbon, see Figure 4.18, 
and attached carboxylic groups onto the graphite surface and any non-
particulate carbon fragments. After neutralization of the solution, the sedi-
mented particles are rinsed with water and a neodymium magnet was used to 
sediment the mixture to ensure no magnetic material was lost. The cleaned 
water-sediment mixture was made alkaline by NaOH, and hexadecyl-
trimethylammonium bromide (C19H42BrN) and octyl bromide (C8H17Br) was 
added. The dispersion was refluxed again for 3 h and a non-polar solvent 
(CHCl3) was added. In this step, the carboxylic groups on the graphite sur-
face were esterified. The hydrophobic particles were transferred to the non-
polar solvent layer, which was separated and collected. 

 
Figure 4.19: The basic principle of the particle functionalization method. Transfer to 
liquid phase of the as-deposited Fe particles (I), removal of the amorphous carbon 
and attachment of carboxylic groups (II) and the esterification of the carboxylic 
groups (III). 

By using H terminated Si-substrates with a SiO2 pattern on the surface (made 
by a conventional lithographic technique), the functionalized particles were 
deposited onto the non-polar Si surfaces by a dipping procedure, as seen in 
Figure 4.20. In liquid phase the functionalized hydrophobic Fe particles 
showed less aggregative behavior than non-functionalized Fe particles, ap-
pearing more like a solution than dispersion [paper IV]. 

 
Figure 4.20a; SEM micrograph of the Si/SiO2 patterned substrate, with functional-
ized Fe particles deposited onto the Si surfaces (dark contrast). Figure 4.20b: XPS 
spectra of the Si and SiO2 surfaces. On the Si surface Fe 2p peaks appear after depo-
sition, for the SiO2 surface no such increase is visible, though the SiO2 contains a 
larger fraction of Fe impurities from start.  
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Chapter 5 

 Preliminary results and future work 
5.1 Iron and Cobalt alloy particles 

Metal alloys can have different magnetic properties than the pure elements, 
for instance Fe and Co in a 50-50 mix can achieve higher magnetic moment 
than the elements themselves [56]. Theoretical calculations of grains of Fe-
Co alloys in a Fe matrix have predicted a very high magnetic moment for 
that material [120]. Particles containing both Fe and Co were achieved by 
mixing ferrocene and cobaltocene in the sublimation chamber, see Figure 
5.1. The elemental content of the particles was determined by STEM-EDX 
on individual particles. For the Fe-Co alloyed particles measured, the ele-
mental mix was 66 at% Fe and 33 at% Co.  

 
Figure 5.1: An Fe-Co alloyed particle with a Co content of ~33 at%. The FFT-
pattern (inset) corresponds to bcc phase, with d-values close to that of �-Fe.  

SQUID measurements of the Fe-Co alloyed particles showed a relatively 
sharp peak on the ZFC curve at 14 K, which probably means that the dipolar 
interaction between Fe-Co particles is weaker than for independent Fe and 
Co particles (Figure 5.2). Also Fe-Co particles have no remanence, even at 
10K. According to the M-H curve in Figure 5.2b, the Fe-Co particles have a 
very low magnetization value. However a 66% - 33% ratio of Fe-Co parti-
cles have a higher magnetic moment than independent Fe particles. [56, 
121]. The amount of oxide has not yet been determined in the Fe-Co parti-
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cles. It was observed from TEM that the carbon shell for the alloy is thinner 
than for Fe or Co particles, probably resulting in a similar decrease in mag-
netization, due to surface oxidation as observed for the Co particles. 

 
Figure. 5.2: Temperature dependence of static magnetization (a) and magnetization 
isotherms (b) of Fe-Co alloyed nanoparticles. These particles were generally larger 
than corresponding single element particles, and the carbon-coating appears to be 
~3-4 nm thick. 

5.2 Manganese and Mn-Fe alloy particles 

Nanoparticles of the transition metal manganese have also been deposited by 
LCVD. The Mn particles were synthesized by using manganocene as the 
precursor. Manganocene has a similar vapor pressure as ferrocene, however 
its absorption cross section is different. Polycrystalline Mn particles were 
deposited according to FFT patterns from TEM micrographs. The carbon 
surface content of these particles did not fully cover the surface of the parti-
cles as can be seen in Figure 5.3a. XRD measurements indicated a manga-
nese oxide component (Mn2O3) of the deposited sample, probably contribut-
ing to the polycrystalline patterns observed by TEM.  

Fe and Mn can also form alloys with interesting magnetic properties. It is 
known that a 50-50% composition of Mn and Fe has antiferromagnetic prop-
erties [51, 56]. The deposited Fe-Mn particles were polycrystalline, large and 
varied in morphology, see Figure 5.3b. STEM-EDX measurements of indi-
vidual particles revealed an elemental content of ~90 at% Fe and ~10 at% 
Mn. The low Mn content may be due to the high evaporation rate for Mn 
atoms, as the Tb of Mn is low (2334 K). No carbon shell could be detected in 
the TEM micrographs.  
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Figure. 5.3a: TEM micrograph of a polycrystalline Mn nanoparticle. The inner core 
and outer part of the nucleus have different diffraction contrast, suggesting oxide 
formation closest to the surface. A few layers of carbon partly cover the surface of 
the particle. Figure 5.3b: TEM micrograph of the centre of a large poly crystalline 
Mn-Fe alloyed particle (~10 at% Mn content). 

 
Figure. 5.4a: (left) Magnetization as a function of the applied field for Mn nanopar-
ticles embedded in carbon shell. Figure 5.4: (right) Temperature dependence of 
magnetization isotherms of Mn-Fe alloy particles. These particles were slightly 
larger than the Fe and Co particles examined. No carbon covers these particles. 

 
As seen on the Figure 5.4a; the Mn nanoparticles exhibit antiferromagnetic 
behavior with Neel temperature above 250 K. Manganese oxide, Mn203, is 
also antiferromagnetic, so the magnetic behavior may also be affected by the 
presence of an oxide. Other oxides may also form [122]. The alloyed Mn-Fe 
particles also exhibit no exchange interaction between particles, according to 
the Curie-Weiss law fit of the FC curve. As seen from the ZFC curve maxi-
mum is at around 30 K and more well defined than for Fe and Co particles, 
indicating a more narrow size distribution of the particles. 

 
To determine the magnetic properties of the alloyed particles more thor-
oughly, more detailed investigations, for example the measurements on the 
dynamic magnetic behavior of the particles, will be provided later.  
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Chapter 6  

Results for tungsten oxide nanoparticles 

6.1 Phase composition  
 
The as-deposited tungsten oxide nanoparticle films were almost completely 
x-ray amorphous, producing nearly no visible peaks by XRD measurements 
[papers V, VI], as seen Figure 6.2a. Particle films with increased crystallinity 
were obtained by annealing for 2 h in ambient air (at temperatures 200 – 
600°C) [paper VI], (Figure 6.1 and 6.2). 

 
Figure 6.1a; TEM micrograph of tungsten oxide particles deposited at 130 mJ/cm2. 
Figure 6.1b: SEM micrograph of an as-deposited tungsten oxide nanoparticle film, 
the particles aggregate, forming clusters and resulting in a very large surface area of 
the film. Figure 6.1c: SEM micrograph of WO3 particle film annealed at 600°C, here 
particles have coalesced. 

For annealing temperatures up to 300°C, there was no noteworthy increase 
in the crystallinity of the amorphous film. However, samples annealed at 
300°C and higher have a larger crystalline content. The 600°C sample had 
the highest degree of crystallinity, containing more resolved peaks in the 
diffractogram, than the other samples, see Figure 6.2a. The particles in the 
samples annealed at 300°C and higher consisted of monoclinic WO3. For the 
amorphous particle films the exact tungsten oxide composition cannot be 
determined reliably from the broadened XRD peaks in Figure 6.2a. Accord-
ing to ref. [106], the peak broadening effects from small crystallite size 
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should be smaller than the observed, meaning the particle size cannot alone 
contribute to the broadening. This effect is probably due to small stoichimet-
ric variation of the oxide content which affect the lattice slightly, among 
other effects. Tungsten oxide can appear in sub-stoichiometric Magnéli 
phases [91, 92]. Considering that amorphous tungsten oxide is often sub-
stoichiometric, and the position of the broad “peaks” in the 200°C annealed 
sample, it is likely that the as-deposited film consists of WO2.6-3 [paper VI].  

 
Figure 6.2a: XRD diffractogram for samples annealed at 200°C, 300°C, 400°C and 
600°C (2h in ambient air) and an as-deposited sample (RT). The observed peaks 
corresponds to the monoclinic phase of WO3. Figure 6.2b: The size distributions of 
as-deposited and annealed samples. A deviation from log-normal distributions can 
be seen above 300°C. 

 
 

6.2 Size distribution 
 
Size distributions of as-deposited and annealed particle films were obtained 
from measurements from in TEM and SEM micrographs [papers V, VI]. 
For annealing temperatures up to 300°C, the geometric mean and size distri-
butions of the particles hardly changed, see Figure 6.2b, as well as the log-
normal distribution. Of particular interest is the change in particle crystallin-
ity from amorphous to crystalline in the temperature range between RT and 
300°C, whilst their geometric mean size remains practically the same. A 
clear increase in the geometric mean size of the particles is observed for the 
400°C and 600°C annealed samples, (Figure 6.2b). Here, the larger volume 
of the particles also contributes to a more resolved diffractogram as com-
pared to the 300°C sample. The size distribution in these samples cannot be 
described as log-normal, and is closer to a normal distribution (Gaussian 
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bell-curve). The particle films of samples annealed up to 400°C all consisted 
of aggregates of particles of random shape, whilst at an annealing tempera-
ture of 600°C, the particles have a more uniform spherical shape and consist-
ing of coalesced particles  (Figure 6.2b). 
A comparison of the size distribution obtained from SEM and TEM micro-
graphs (Figure 6.1a and 6.1b), for samples produced with the same experi-
mental parameters, gives nearly exactly the same geometrical mean size, see 
Table 6.1 and 6.2. This makes it possible to do direct comparsions between 
size distributions obtained with these different characterisation methods. 
Table 6.1: Mean geometrical sizes obtained from TEM-micrographs of WO3-
particles produced at different�laser fluences. 

�� (mJ/cm2) 70 130 170 

Geometric mean diame-
ter (nm) 21 22 14 

Geometric standard 
deviation 1.63 1.60 1.69 

Table 6.2: Mean geometrical sizes obtained from SEM-micrographs of WO3-
particles produced at different annealing temperatures.  

Annealing temperature 0°C 200°C 300°C 400°C 600°C 

Geometric mean diameter 
(nm) 

23 24 25 29 61 

Geometric standard deviation 1.59 1.57 1.51 1.49 1.40 

6.3 Deposition rate  
 
The deposition rate of the process was measured by XRFS. The �� has a 
positive effect on the tungsten deposition rate, and thus on the tungsten oxide 
deposition, Figure 6.3a, which is in line with the fact that the laser light acti-
vates the processes leading to particle formation. Addition of oxygen to the 
gas mixture did not change the deposition rate of tungsten as found from 
Figure 6.3b. An oxygen addition neither assists nor prohibits the tungsten 
yield in the complex process of particle formation [paper V]. However, H2 is 
necessary for obtaining deposits even if oxygen is present, see Figure 6.3c. 
This is in accordance with earlier observations [88] where H2 is needed to 
reduce the excited tungsten-subfluoride molecules generated from WF6 as a 
result of photon absorptions.  
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Figure 6.3: The tungsten yield in the deposits measured by the intensity of the WL� 
line in the X-ray fluorescence spectrum; (a) as a function of the �'�(b) versus O2 
partial pressure and (c) as a function of the H2/O2 partial pressure ratio with a con-
stant partial pressure of H2 + O2 of 240 Pa. 

6.4 Optical emission spectroscopy 
 

The tungsten elemental emission (integrated intensity of the 400.6 nm W 
line) increased linearly with increasing �, both with and without O2 present 
in the gas mixture, see Figure 6.4a. The observed intensity increase can be 
explained by; i) stronger evaporation due to the temperature increase, melt-
ing point for W particles is reached at ~95 mJ/cm2 [26] and, ii) formation of 
more particles as � increases. When adding O2 to the gas mixture, the inten-
sity of the tungsten elemental line decrease roughly by a factor of 30, but 
overall behavior being very similar.  

 
Figure 6.4a: The tungsten elemental emission versus the �, and scattered light; 6.4b, 
series with and without O2 in the gas mixture, showing a similarity trend for the two 
synthesis methods. Note that the intensity for the black dots has been exaggerated 10 
times. Low emission (a) and no light scattering (b) at 0 Pa H2 partial pressure con-
firms the absence of particles at these parameters. The particle formation process 
reaches a saturation level over 35-40 Pa H2 (b). 

 
A series where the H2 partial pressure was varied and the intensity of the 

laser light scattered from the particles was monitored is depicted in Figure 
6.4b. It shows that H2 needs to be present in the gas mixture to form parti-
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cles. The presence of oxygen in the gas mixture markedly decreased the 
tungsten elemental emission, as well as the scattered light intensity, (Figure 
6.4a-b). For both series, the intensity of the scattered light has a similar 
growth up to a H2 partial pressure of 60 Pa, reaching saturation around 35-40 
Pa. This may indicate that H2 have similar effect for both the tungsten and 
tungsten oxide processes, i.e. removing fluorine in form of HF [25, 26, paper 
VI]. 
The observations in Figure 6.4 indicate fewer particles in the laser beam path 
or presence of particles with low scattering cross section (�scat), when O2 is 
present in the gas mixture. By calculations using BHMIE Fortran code [24], 
�scat�for W and WO3 were obtained, see Table 6.3. The calculations used the 
extremes of reported values of refractive index [55, 123,124] for WO3, since 
they vary depending on stoichiometry, degree of reduced/oxidized state, film 
thickness and density [125]. Assuming that the same number of particles 
forms in the focused laser beam, but beeing WO3 instead of tungsten, the 
�scat of WO3, which is about 4 times lower than for W-particles, see Table 
6.3, could, considering the crude approximations, explain the decrease in 
scattered light by the change in optical properties. However the laser induced 
heating of the tungsten oxide particles could be very important for the parti-
cles, considering that; i) WO3 has lower Tb than W, and ii) W-particles reach 
Tm in the laser fluence range the measurements in Figure 6.4 were obtained 
in [25, 26]. 
Table 6.3: By using software utilizing the BHMIE Fortran code given in ref. [24], 
the �scat of representative W- and WO3-nanoparticles, at the 193 wavelength was 
calculated. Two values of refractive index for WO3 were used. The W particles have 
~4 times larger �scat than the WO3-particles. 

�scat (m2) 

W (r = 23 nm) WO3 (r = 22 nm, n = 1.25) WO3 (r = 22 nm, n = 2.4) 

3. 8 � 10-17 0.8 � 10-17 1.0 � 10-17 

 
At sufficiently high ����W-lines are detected even when H2 is removed from 
the gas mixture. A quenching of the photon emission from the excited tung-
sten gas phase compounds is observed as the amount of O2 is increased. This 
is illustrated in Figure 6.5a. Also, after each laser pulse, radical reactions in 
the gas mixture can be expected [paper VI].  
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Figure 6.5a: Optical emission spectra measurements for a series where no hydrogen 
was added to the gas mixture. Only elemental and molecular emission lines are ob-
served in the spectra, further indicating that no particles form without H2. The tung-
sten elemental line (400.6 nm) intensity is plotted in Figure 6.5b.  

 
Monitoring the scattered laser light as a function of oxygen partial pressure 
(fixed H2 partial pressure) showed a decrease in intensity of roughly 10 times 
at O2 partial pressures ( 40 Pa, see Figure 6.6a. The 40 Pa value corresponds 
well to full oxygen substitution of fluorine for WF6 (24 Pa). The intensity of 
the W elemental line (400.6 nm) also decreases, Figure 6.6b, with similar 
behavior, as in Figure 6.6a, at corresponding experimental parameters. The 
drastic decrease of the emitted light can be assigned to i) lower emissivity; 
WO3 particles have also 3-6 times lower emissivity than W particles in the 
detector region according to calculations performed in software using 
BHMIE Fortran code given in ref. [24], and ii) the lower temperature of the 
tungsten oxide particles (Tb ~2100K) and, iii) the red shift in the Planck 
curve resulting in less intensity in the observed wavelength window (400 -
700 nm) [paper VI].  

 
Figure 6.6a: Scattered light intensity as a function of O2 pressure, no H2 present. 
Figure 6.6b; Intensity of the thermal emission in the 400-700 nm wavelength win-
dow as function of oxygen partial pressure (black dots).  H2 = 60 Pa and ��= 130 
mJ/cm2. Also temperatures obtained from Eq. 1.4.4 (squares). 
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The temperature determined for the particles in the gas mixtures in Figure 
6.6b is much higher than Tb for WO3 [paper VI]. Since the observed tem-
peratures are stable and close to Tm for tungsten, it is concluded that the 
thermal radiation originate from W nanoparticles, suggesting that small 
amounts of W nanoparticles are always formed in the gas mixtures examined 
in Figure 6.6b.  

A crude approximation of the absorbed energy (assuming all absorbed en-
ergy goes into particle heating and no heat dissipation by evaporation, 
thermionic emission etc.) by a laser pulse (130 mJ/cm2) shows that the oxide 
particle absorb ~10 times the energy required to reach boiling point, whilst 
the tungsten particles absorb only ~2 times the energy for it to reach boiling 
point. This indicates that an oxide particle more or less completely vanish 
already during the laser pulse. The calculation underestimates the energy 
absorbed by the oxide relatively the energy needed to reach Tb, since the 
bulk density value was used in the calculations. The true density of the film 
is unknown, though generally the reported values for deposited films are 
about 30-40% lower than the bulk value [55, 123,124]. 

The calculations above (using BMHIE Fortran code [24]), used the heat 
capacity values for a tungsten oxide particle (22 nm diameter) and tungsten 
particles (23 nm diameter, representative mean diameter of W particles de-
posited at corresponding parameters without O2), and the corresponding 
particle absorption cross sections, given in Table 6.4 [36, 55, 123,124]. 
Table 6.4: Theoretical �abs of a 23 nm W-particle and a 22 nm WO3-particle, at the 
extremes of possible refractive index and with 193 nm excitation. Calculations used 
the BHMIE Fortran code given in ref. [24]. 

�abs (m2) 
W (r = 23 nm) WO3 (r = 22 nm, n = 1.25) WO3 (r = 22 nm, n = 2.4) 

2.1 � 10-16 2.7 � 10-16 1.4 � 10-16 

Excess energy loss by evaporation of atomic/molecular species from the 
particle surface has not been taken into account in these calculations since it 
is difficult to accurately estimate the amount of evaporation induced energy 
loss for the tungsten oxide nanoparticles and the size of the remaining parti-
cle after evaporation. However, it has been proven that evaporation domi-
nates the tungsten particles heat dissapation at these temperatures [25, 26]. 
These crude estimations suggest that a tungsten oxide particle would be 
more or less fully decay during each laser pulse. 
 
Thermodynamic calculation software using a free energy minimization tech-
nique [36] was used to calculate the equilibrium gas phase species as a func-
tion of temperature. It is noted that photolytic LCVD is not an equilibrium 
process but subsequent processes after excitation may be interpreted by 
thermodynamics.  
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Figure 6.7:  Yield of tungsten containing species between 200°C and 3000°C. Gas 
mixture contents: 1 mole W, 3 moles F2, 8 moles O2 and varied amount H2. At over 
~1000°C in temperature, WO2F2 (g) is the dominating tungsten specie, below that 
temperature WO3 (s) is, at a sufficient H2 ratio. Note that more than an equivalent 
amount (1 mole) of H2 relative the WF6 is needed to form WO3 (s), no stable solid 
tungsten species forms below a gas mixture content of 2 moles of H2. 

The results of the calculations shown in Figure 6.7, shows the thermody-
namically stable tungsten species in a gas mixture at different temperatures 
and different H2 concentrations [paper VI].  WF6 is stable in a mixture con-
taining no H2, i.e. no particles form. This is in line with the experimental 
observations of no particle formation at these conditions [paper VI]. At a low 
H2 concentration (< 2 mole) tungsten oxyflourides (WOF4, WO2F2,, WO2F, 
WO2F6) and fluorides (WFx, x = 5-1) are stable species. At higher H2 con-
centrations, > 2 mole, WO3(s) becomes thermodynamically stable and its 
stability region increase at increased H2 concentration [paper VI].    
It should be noted that for the values of � used and the �abs for WF6, results 
in a small temperature increase of the excited volume, and that mostly WF4 
and WF5 are photolytically generated [88]. As seen in Figure 6.7 these spe-
cies form WOF4(g) if sufficient H2 is present in the gas mixture. Very likely 
the majority of tungsten oxide nanoparticles form via tungsten-oxyfluoride 
compounds and not through oxidation of pure W nanoparticles. These tung-
sten-oxyfluoride species have relatively small scattering cross-sections, 
partly explaining the low intensity of the scattered light in Figure 6.5a and 
6.6a at low H2 partial pressures. Tungsten-oxyfluoride may also form from 
oxygen substitution of fluorine in WF6, or form as a result of full evaporation 
of WO3 particles. Tungsten-oxyfluorides react with H2 and O2, or H2O 
formed from the gases in the gas mixture, forming solid WO3. The general 
reaction formulas for this WO3 formation process are: 
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WO2F2 (g) + H2 (g) + ½O2 (g) � WO3 (s) + 2HF (g) 
 

WO2F2 (g) + H2O (g) � WO3 (s) + 2HF (g) 
 
In Paper V, no fluorine contamination could be detected by XPS in any par-
ticle film. If the WO3-particles form from WO2F2-molecules the reaction is 
complete with all fluorine removed in form of HF (g). Contaminations by 
tungsten-oxyfluorides have been observed during WO3 deposition by other 
techniques due to their presence during the deposition process [126]. 
The HF etching effect on WO3 observed by other deposition methods with 
the same gas mixture [127] can not been observed here since the particle size 
is unknown until deposited which occurs after HF exposure, though it is 
probable that HF may influence the particle size to some extent. 
 
Assuming full disintegration of the WO3-particles formed in-between laser 
pulses, the particles will decrease the scattered light drastically, as observed 
in experiments [paper VI]. Also tungsten emission lines and thermal emis-
sion will decrease significantly since mostly atoms and molecules with low 
scattering and absorption cross section should exist in the gas mixture. 
 
The generally observed smaller size of the WO3-particles, compared to W-
particles [25, 26, paper VI], supports the theory that the WO3-particles form 
in-between the laser pulses. This reaction pathway suggests that the particles 
undergo full evaporation by each pulse and re-condensations repeatedly, as 
long as they are in the laser beam. The amorphous structure of the particles 
also supports the theory that the particles are formed between laser pulses. 
For LCVD deposited Fe and W particles, it was observed that sufficient laser 
heating resulted in single crystalline particles through “direct” annealing  
[25, 26, 82-85]. As WO3 particles would condense between pulses, this for-
mation process prevents any crystalline ordering through “direct” annealing. 
Another factor preventing crystalline ordering is a complicated crystal struc-
ture which is the case in the WO3 - WO2 system. 

 

6.5 Gas sensing properties 
The gas sensing properties of the as-deposited film, a WO3 film annealed at 
300°C (more crystalline characteristics but very small coalescence effect) 
and a WO3 film annealed at 400°C (crystalline with coalescence effects), 
were in the examinations, this is shown in Figure 6.8a-d. The most crystal-
line and coalesced sample annealed at 600°C was also measured, but no 
reliable signal was obtained from that sample. Also, for the 300°C and 
400°C samples there were problems in recording reliable data below 175°C 
and above 250°C of the sensor operating temperature.  
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Figure 6.8: The measured sensitivties at different sensor operating temperatures of 
the as-deposited (8c) and crystalline (8a and b) WO3 particle films when exposed to 
10 ppm H2S. The reaction time is ~60 s and the recovery time is ~600 s for all sam-
ples. The sensitivity of the crystalline samples decreased above 200°C while the 
amorphous sample was stable. The resistance at different operating temperatures of 
the as-deposited film is plotted in 8d and shows a corresponding response to 8c. 

The sensitivity behavior for the crystalline LCVD films resembles the gas 
deposited nanocrystalline films [27-31] especially with respect to the sensi-
tivity as a function of temperature. The sensitivity is highest at room tem-
perature and decreases with increasing operating temperature. The behaviour 
of the response of the crystalline LCVD and gas deposited nanocrystalline 
films shows similar sensor temperature dependence.  All LCVD samples 
appear to have relatively fast response times at all temperatures; roughly 60 
s, slightly faster than gas deposited films [27-31]. Recovery time for all films 
was ~600 s. The sensor operating temperature does not degrade the sensitiv-
ity of the as-deposited film to the same extent as for the 300°C and 400°C 
annealed crystalline samples. Thus the amorphous films have equal or supe-
rior gas sensitivities and response times over the sensor temperature region 
used compared with the other samples. The reason for this improved sensi-
tivity is probably due to that the low stoichimetry and amorphous phase con-
tent improves conductivity [128].  
For gas sensing applications, the best suited WO3 film appears to be an 
amorphous LCVD film, due to its stable sensitivity properties at higher tem-
peratures.  
The amorphous LCVD film contains a larger fraction of tungsten suboxides, 
WO2.6 –3, having better conductivity than an annealed WO3 film, which con-
tains more of the stoichiometric WO3. The brief exposure of a sample to a 
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high operating temperature seemingly does not affect the composition of the 
amorphous LCVD films substantially, as only slightly reduced sensitivities 
are observed for high sensor operating temperatures.  
More measurements are necessary are to determine if repeated exposures to 
higher sensor temperatures eventually anneals the amorphous film to a crys-
talline film, leading to a decreased sensor sensitivity. Operating temperatures 
above room temperature are used because the response and recovery time 
decreases.  
Increasing the conductance of gas-deposited WO3-films [30, 31] by doping 
with a reducing element (Au, Al and Pd), produces sensors with a higher 
sensitivity. It is unknown if a similar doping of the as-deposited WO3 film 
would result in an equal increase in the sensitivity of the LCVD deposited 
film. A natural extension of the LCVD approach to nanostructured tungsten 
oxide films would be to examine in situ doping. 
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Concluding remarks  

In this thesis results on formation of carbon covered transition metal 
nanoparticles and tungsten oxide particles are presented. By using metalo-
cenes as precursor for the transition metal nanoparticles and a pulsed exci-
mer (UV) laser to photolytically dissociate the sublimated precursor, well 
defined single crystalline carbon covered Fe and Co nanoparticles were de-
posited. For the Fe particles the carbon shell consisted of a graphite layer 
with amorphous carbon at the surface. The carbon shell of the Co particles 
was only observed containing a graphite layer at elevated laser fluences.  
Due to the laser induced heating of the formed particles, they reached the 
boiling point of respective metal (~3200 K). And the excessive heating re-
sulted in evaporative loss of a large fraction of the initial particle volume at 
elevated laser fluences. Energy loss due to evaporation was the dominating 
cooling mechanism of the Fe and Co particles, down to a temperature of 
~2600 K. At lower temperatures the heat transfer was dominated by inelastic 
collisions between the particles and the carrier gas Ar. The higher vaporiza-
tion enthalpy for Co resulted in a faster temperature rise for the Co particles, 
as well as lower cooling rate, compared to Fe particles. Well defined single 
crystalline Fe and Co nanoparticles were deposited when supersaturation of 
the gas phase was achieved. The different laser fluences for achieving this 
supersaturation for Fe and Co particles were determined by the absorption 
cross section of their respective precursors, ferrocene and cobaltocene. The 
mean sizes of Fe and Co particles were in general between 25 -15 nm. At 
these sizes, the dominating phase of the particle nuclei were �-Fe (fcc) and 
�-Co (fcc), respectively. The stabilization of these phases, which differ from 
the stable phases for the bulk and larger particles (�-Fe and �-Co, respec-
tively) could be due to surface energy minimization. Alternatively, the ini-
tially high cooling rates of the laser heated particles could quench these high 
temperature phases. The Fe and Co particles exhibited mainly superpara-
magnetic properties. The exchange interactions between the Fe and Co 
nanoparticles were negligible, probably due to the carbon shell providing 
separation between the magnetic nuclei. For the Co particles the net mag-
netization was decreased due to a considerable fraction of cobalt oxide in the 
nuclei.  
Also alloyed particles consisting of Fe-Co and Mn-Fe were deposited. They 
also exhibited superparamagnetic behavior and negligible exchange interac-
tions between the particles. 
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By applying a functionalization method used for multi-wall carbon nano-
tubes (MWCNT) the amorphous carbon was removed and functional groups 
on the graphitic layer were attached, rendering the particles properties hy-
drophobic. This avoided aggregation in non-polar solvents, and attracted the 
particles to a non-polar H-terminated Si surface, enabling selective deposi-
tion of the Fe particles.  

 
With a WF6/H2/O2 gas mixture tungsten oxide particles were deposited by 

the LCVD method through photolytic activation and dissociation of the WF6 
molecules to WF6-x species. H2 further reduced the WF6-x to W (s) and HF 
(g). No particles were formed without H2 in the gas mixture. This behavior 
was similar to the formation process of W nanoparticles, deposited by 
LCVD from similar gas mixtures without O2. The as-deposited tungsten 
oxide was amorphous and sub-stoichiometric. Annealing the as-deposited 
particles in temperatures 200 – 600°C for 2 h in ambient air, produced pro-
gressively more crystalline particles, resulting in monoclinic WO3. Oxygen 
reduced the number of particles in the gas mixture considerably. The laser 
induced heating of the particles resulted in temperatures where the tungsten 
oxide would decompose, indicating that only W particles were observed by 
the temperature and scattered laser light measurements. As the absorbed 
energy of the tungsten oxide particles were excessive, it was probable that 
each laser pulse fully evaporated the particles. Recondenstation of oxide 
particles between the pulses or oxide particle formation through tungsten 
oxyflourides probably resulted in the as-deposited particles amorphous struc-
ture.  

The gas sensing properties of the as-deposited and annealed (crystalline) 
tungsten oxide particle films were evaluated by conduction noise measure-
ments. The conductance of the film changed when exposed to 10 ppm H2S. 
The LCVD films appeared to have similar and relatively fast response and 
recover times at RT, though the sensitivities of the crystalline tungsten oxide 
films were degraded by higher sensor operating temperatures. The amor-
phous tungsten oxide film exhibited equal or superior gas sensitivities and 
response times for the whole temperature range, compared to the crystalline 
films. This was attributed to the amorphous and sub-stoichiometric structure, 
which is reported to improve the conductivity. 

 



 67

Acknowledgements 

 
First, of course, I would like to thank my supervisor Mats Boman, who’s 
positive attitude and enthusiasm made the work a lot easier. Mats has the 
perfect balance between laborative freedom and supervising, as you have a 
lot of freedom to pursue your own ideas and learn to be able to work inde-
pendently. It was always easy to ask questions anytime, not forgetting the 
nice dinners at his home. 
Also, I would like to thank Jan-Otto Carlsson for the possibility to do my Ph. 
D. studies here. 
I am also deeply indebted to Lars Landström and Peter Heszler. They didn´t 
hesitate to share with me their vast knowledge in the physical aspects of 
LCVD processes and OES. They greatly assisted me making some kind of 
science of my sooty particles through their constructive criticism. 
 
I would also like to thank the following persons (in no particular order); 
Jun Lu, Ola Wilhelmsson, Fredrik Eriksson and Ernesto Coronel who’s 
skills and instructions gave me some TEM skills.   
Inna Soroka and Peter Svedlindh for the magnetic measurements. 
Clemente Luyo for the gas sensing measurements. 
Michael Ottosson and Tobias Thörndahl for help with the XRD measure-
ments. 
Torbjörn Gustavsson and Kristina Edström for enabling the synchrotron 
measurements.  
Anton Nytén,  Hanna Bryngelsson for all help with the PSD measurements. 
Erika Widenkvist for the functionalization of the particles. 
Jan Lindgren for access to the Raman equipment 
Anders Eriksson for the fantastic support for the lab-teachers, it was made 
very easy by his thorough preparations. 
Yvonne Andersson for her quick responses when we needed metals for abla-
tion. 
Anders Hårsta for learning computer tricks with Ekvicalc! 
Peter Lundströms helping hand when instrumental computers gave up the 
ghost. 
Jan Bohlin and Anders Lundh for fabricating my strange devices and the 
nice lunch tradition with fermented herring. 



 68 

Victoria Coleman for the daunting task of making this text resemble the 
English language. 
Wendy and Mårten Stjerndahl, Erik Lewin and Ola Wilhemsson (again!) for 
the XPS measurements.  
My best friend Anna Fallberg and Hanna Bryngelsson for all support and 
cheering in times of trouble, I wouldn´t have made it without you. 
Erik Lindahl for having better control of the status of my pumps and helping 
with the messy job of changing pump oil. 
Anders Johansson and ox-Rooth for introducing me to the dark side (X-box).  
And Martin Sahlberg, Erika Widenkvist, (Erik L)2, Tanguy van Regemorter, 
Emelie Perre, Anna Nygårds and all others at the institution which have en-
dured my my rantings at the coffetable. 
 
And finally my family, for having indulgence when I’ve been so busy for a 
while. 
 
The financial support from The Royal Swedish Academy of Sciences and the 
Wallenberg Foundation (rektorsmedel) is gratefully acknowledged. 
 
Thank you! 

 



 69

Svensk sammanfattning 

Nanopartiklar via laser assiterad gas-fas deponering 
 
Från Källmolekylerna ferrocen och koboltocen deponerades enhetliga (sfä-
riska) enkristallina järn och kobolt partiklar klädda med ett kol-skal. Käll-
molekylerna sublimerades vid ca 50°C och sönderdelades fotolytiskt av en 
pulsad excimer-laser (	 = 193 nm) i den fokuserade laser strålen. Partiklarna 
deponerades på antingen kisel-substrat eller på substrat för transmissions-
elektronmikroskopi (TEM), tack vare Brownsk rörelse. Kol-skalet bestod 
ytterst av amorft kol samt grafit närmast metallkärnan. Karaktäriseringen av 
nanopartiklarna ufördes i huvudsak med transmissionselektronmikroskopi 
(TEM), optisk emissionsspektroskopi (OES), röntgenfluorescens (XRFS), 
Ramanspektroskopi, fotoelektronspektroskopi (XPS) och en supraledande 
kvant-interferensenhet (SQUID).  

Det behövdes en lasereffekt på ca 55 mJ/cm2 för att erhålla mätbara 
mängder Fe partiklar. Via TEM erhölls en fasbestämming av enskilda partik-
lar såväl som storleksfördelningen av partiklarna. I proven hittades partiklar 
med kärnor antigen av lågtemperatursfasen �-Fa (bcc) eller högtemperaturs-
fasen �-Fe (fcc). Partiklarna var log-normal fördelade och hade en typisk 
geometrisk medelstorlek på ~30 – 15 nm i totaldiameter, där totaldiametern 
minskade med ökad lasereffekt (50 –250 mJ/cm2). Eftersom kolskalet höll en 
nästan konstant tjocklek på ~6-7 nm, oberoende av partikelstorlek, var järn-
kärnorna ~16 – 4 nm. För små partikelstorlekar dominerade �-Fe.  

Med OES bestämdes temperaturen på partiklarna m.h.a. intensitetsmät-
ningar av svartkroppsstrålningen från de upphettade partiklarna. Det visade 
sig att järnpartiklarna nådde järns kokpunkt, 3134 K vid en lasereffekt på ca 
75 mJ/cm2. Vid högre lasereffekter dominerades partiklarnas avkylning av 
förångning av atomärt järn, vilket förklarar den observerade minskningen av 
diametern på järnpartiklarna vid höga lasereffekter. Vid temperaturer lägre 
än 2600 K dominerades avkylningen av kollisioner mellan partiklarna och 
Ar atomer (bärargasen). 
 
För koboltpartiklarna krävdes en lasereffekt på ca 145 mJ/cm2 för att erhålla 
signifikant deponering samt väldefinierade partiklar. Detta berodde på att 
källmolekylen koboltocen’s absorptionstvärsnitt är ~2.3 ggr lägre vid 193 
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nm än ferrocen’s.  Koboltpartiklarna var också log-normal fördelade och 
p.g.a. kravet på en lasereffekt på > 145 mJ/cm2 för att erhålla välstrukturera-
de partiklar var geometriska medelstorleken på partiklarna 18 – 15 nm vid 
145 – 220 mJ/cm2, d.v.s. ungefär motsvarande järnpartiklarnas storlekar vid 
motsvarande lasereffekter. Partiklar med kärnor av antingen �-Co (hcp) eller 
�-Co (fcc) deponerades. Kolskalet bestod av endast amorft kol, förutom vid 
mycket höga lasereffekter då också grafit observerades. Avsaknaden av gra-
fitlager tros vara orsaken till att en högre andel av koboltpartiklarna var oxi-
derade, eller hade ett koboltoxidlager närmast kolskalet.  

Koboltpartiklarna nådde kobolts kokpunkt (3200 K) vid lägre laser effek-
ter än motsvarande för järn. Detta förklarades med att kobolt har ett högre 
Hvap-värde än järn (375 resp. 347 kJ/mol) vilket leder till lägre förångnings-
hastighet och därmed sämre avkylning via förångning. Dock minskade också 
koboltpartiklarnas storlek via förånging vid lasereffekter högre än 145 
mJ/cm2. Avkylningen vid lägre temperaturer än 2600 K skedde med samma 
mekanismer som för järnpartiklarna. För partiklar med lägre totaldiameter än 
20 nm identifierades bara �-Co, vilket är den rapporterat stabila fasen för Co 
nanopartiklar av denna storlek. 

Generellt var Fe- och Co-partiklarna superparamagnetiska. För Fe-
partiklarna uppmättes en mkt svag ferromagnetism, som tros härröra från de 
större partiklarna i storleksfördelningen. P.g.a. ytoxideringen av Co-
partiklarna erhölls ännu lägre magnetiseringsvärden för Co partiklarna, då 
koboltoxiden minskade den magnetiska delen av partikeln. 

Funktionalisering av de kolklädda Fe partiklarna ufördes också. Genom 
att återloppskoka de dispergerade Fe partiklarna i HNO3 löstes den andelen 
av kolskalet upp som bestod av amorft kol, och karboxylsyragrupper bands 
på den kvarvarande grafitytan. Esterifiering av karboxylsyragrupperna ledde 
till hydrofoba egenskaper, vilket gjorde partiklarna lösliga i opolära lös-
ningsmedel. Utgående från funktionaliserade Fe partiklar i lösning kunde 
areaselektivdeponering på Si-ytor utföras via doppning av mönstrade sub-
strat i lösningen. 

 
Volframoxidpartiklar deponerades, via en gasblandning bestående av 
WF6/H2/O2. Dessa partiklar var amorfa men vid värmebehandling i ugn öka-
de kristalliniteten i temperaturområdet 300 – 600°C, då erhölls �-WO3 fas 
(monoklin). Utan H2 i gasblandningen erhölls ingen partikeldeponering då 
H2 behövs för att sönderdela det av laserfotoner huvudsakligen bildade in-
termediaten WF6-x till W och HF. OES-mätningar visade att få partiklar exi-
sterade i laserstrålen om O2 ingick i gasblandningen. Trots detta var mäng-
den deponerade partiklar konstant och oberoende av O2-trycket. De uppmätta 
temperaturerna på partiklarna var nära volframs smältpunkt. Sådana tempe-
raturer leder till termiskt sönderfall av volframoxiden. Uppskattningar av 
den absorberade energin för volframoxid partiklar visade på att de troligen 
blir helt förångade vid varje laserpuls. 
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Återkondensering mellan laserpulserna leder till amorfa partiklar som är av 
mindre storlek än W partiklar deponerade vid motsvarande experimentella 
parametrar. Detta stämmer även med observationerna för de LCVD depone-
rade partiklarna. 
 
Värmebehandlade och obehandlade volframoxid-filmer testades som gas-
sensorer. Volframoxid fungerar som gas sensor då ledningsförmågan i fil-
men ändras vid ändringar i sammansättningen av de omgivande gaserna 
(luften), via ytadsorbtion resulterande i elektronavgivande/upptag. 
Den amorfa volframoxid-filmen har högre känslighet för H2S och var mer 
temperaturstabil vid högre arbetstemperaturer (250°C) än de kristallina WO3 
filmerna. Högre arbetstemperatur än rumstemperatur är intressant då detta 
förkortar tiden för ”återhämtning” av sensorn efter exponering. Den högre 
känsligheten av den amorfa filmen förklaras med en högre ledningsförmåga i 
denna filmtyp beroende på syrevakanser. 
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