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Thin films of refractory metals and carbides have been studied extensively over many
years because of their wide range of application. The two major techniques used are
Chemical Vapour Deposition (CVD) and Physical Vapour Deposition (PVD). These
can result in the deposition of two-dimensional blanket or patterned thin films. Laser-
assisted Chemical Vapour Deposition (LCVD) can provide a maskless alternative for
localised deposition in two and three dimensions. This thesis describes LCVD of
micrometer-sized tungsten, molybdenum and tungsten carbide rods. The kinetics,
phase composition and microstructure have been studied as a function of in situ
measured laser induced deposition temperature.

Tungsten and molybdenum rods were deposited by hydrogen reduction of their
corresponding hexafluorides, WF6 and MoF6, respectively. Single crystal and
polycrystalline tungsten rods were obtained, depending on the H2/WF6 molar ratio and
deposition temperature. The molybdenum rods were either single crystals or dendritic
in form depending on experimental conditions. The field emission characteristics of the
tungsten single crystals were investigated. The results showed LCVD to be a potential
fabrication technique for field emitting cathodes.

Nanocrystalline tungsten carbide rods were deposited from WF6, C2H4 and H2. TEM
analysis showed that the carbide rods exhibited a layered structure in terms of phase
composition and grain size as a result of the temperature gradient induced by the laser
beam. With decreasing WF6/C2H4 molar ratio, the carbon content in the rods increased
and the phase composition changed from W/W2C to WC/WC1-x and finally to WC1-x/C.
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III. Laser-assisted growth of molybdenum rods.
K.L. Björklund, P. Heszler and M.Boman
Applied Surface Science, in press 

IV. Thermal Laser Chemical Vapour Deposition of Tungsten carbide
Rods from WF6, C2H4 and H2.
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Submitted to Journal of Applied Physics, 2001

V. The Microstructure of laser grown rods with tungsten carbide
nanoparticles embedded in a graphite matrix.
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Twelfth IEEE International Conference on Micro Mechanical Systems,
Cat. No. 99CH36291 (1999) 

3. Laser Assisted Fabrication of Single Crystalline Tungsten Rods for
use as Field Emitting Cathodes.
K. Larsson Björklund, C. Ribbing, H. Norde, M. Boman
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1 Introduction

In many technological areas today such as microelectronics and micromechanics,
the size of the devices are continuously decreasing and the complexities of them
are increasing. In the case of micromechanics, the majority of the fabrication
techniques for making smaller and more complex devices are classified as
micromachining techniques [1-3]. The basic concept for micromachining
techniques is the addition or removal of one or several materials, which is based on
the traditional IC fabrication technology known for more than 30 years. The IC-
techniques involve bulk micromachining, surface micromachining, and LIGA [1].
Bulk micromachining is based on etching of a material through different
lithographic steps. Surface micromachining involves deposition, photolithographic
patterning, and selective etching of the deposited material. In this case the bulk
material, usually silicon, only serves as a support for the final structure. Bulk and
surface micromachining are well-established and useful techniques, but the
numbers of process steps are relatively high and for fabricating complicated three-
dimensional structures their usefulness is limited. These drawbacks have
encouraged the development of new complementary techniques, some which are
based on maskless patterning. The LIGA technique uses x-ray synchrotron
radiation lithography followed by electroplating and replication. The use of
synchrotron radiation results in high aspect ratio micro-objects, but it is a very
expensive technique and involves many processing steps. The best way to reduce
the number of processing steps is by maskless patterning, which requires a
localised activation source such as ion, electron, or laser beam [1]. By the use of
ion beam processing (IBP) or electron beam assisted processing (EAP), structures
with a high spatial resolution are obtained. But the techniques require rather
complicated magnetic/electrostatic optics and high vacuum. With laser assisted
microprocessing (LAMP) high powers are easily obtained and a comparable simple
experimental set-up is necessary. LAMP includes heat-treatment, welding,
ablation, deposition, etching, lithography, photo-polymerisation, microelectro
forming, and focused-beam milling, Fig. 1.1. 

DEPOSITION
ETCHING

HEAT-
TREATMENT

WELDING

ABLATION

LITHOGRAPHY
PHOTO-

POLYMERISATION

FOCUSED-BEAM 
MILLING

MICRO-
ELECTROFORMING

LASER ASSISTED MICROPROCESSING

Figure 1.1. Examples of laser assisted microprocessing techniques.
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The different LAMP applications can be divided in two process categories,
physical or chemical. The physical processes take advantage of the focused heat
generated from the laser beam as in the case of welding, evaporation, and ablation.
The chemical processes, such as etching and deposition, involve chemical
reactions, which are thermally activated by the localised laser beam. For instance,
fabrication of three-dimensional microstructures in silicon is possible by laser
induced etching in a chlorine atmosphere [4]. The chlorine reacts with the laser-
heated material, which results in gaseous reaction products. Thermal laser chemical
etching is independent of the doping concentration and of the crystallographic
orientation of the silicon wafer. The deposition process is based on conventional
thermally activated chemical vapour deposition (CVD), but with the ability to
locally deposit a material [5]. The laser-assisted CVD (LCVD) technique has
mainly been used for microelectronic applications as a direct writing tool. For
example, it is used for deposition of different types of electrical contacts, repairing
open-circuits, interconnecting discrete regions on modules or integrated circuits
(IC), or repairing lithographic masks [5]. In addition to direct writing, it is possible
to grow fibres or more complex three-dimensional structures by tracking the laser
focus on the tip of the growing structure surface during deposition. Fundamental
work concerning three-dimensional structures was performed in the early 1980’s
by Bäuerle and co-workers with the deposition of silicon and carbon fibres [6-8].
Since then, several reports on different types of structures and materials have been
reported. Free-standing boron springs have been fabricated from boron trichloride
and hydrogen [9]. Periodic structures of aluminium oxide have been obtained from
trimethylaminealane and oxygen [10]. Furthermore, the LCVD technique offers the
possibility of a containerless fabrication method for producing single crystals of
different materials such as silicon and germanium [7, 11]. The single crystals can
be grown in sizes difficult to obtain with other methods. The width can be varied
from µm to mm and the length can, in principle, be as long as desired. 

This thesis describes the thermal LCVD growth of tungsten, molybdenum, and
tungsten carbide rods. The kinetics of the processes and microstructure of the
produced rods have been investigated, as well as the field emission characteristics
of the tungsten rods. The deposition temperatures were measured in situ by a
special pyrometric set-up. After this general introduction some properties of the
different deposited materials will be presented, followed by the principles for the
CVD technique and its kinetics. Finally, the experimental and the main results
from papers I-V are presented. 
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2 Materials properties

2.1 Tungsten and molybdenum

The group VI metals, tungsten and molybdenum, have many similar properties.
They both crystallise in the body-centred cubic structure (bcc) with <100> as the
preferred growth direction and the electrical and thermal conductivities, as well as
the thermal expansion are almost the same, Table 2.1 [12]. However, the much
heavier tungsten has a higher melting point and is slightly harder. Both oxidise,
especially molybdenum, at elevated temperatures. Since molybdenum oxide has a
relatively high vapour pressure at the temperature of formation it evaporates and
hence no protective oxide film is obtained. This limits the use of molybdenum in
air [13]. 

Table 2.1: Summary of some properties for tungsten and molybdenum [12].
Element Density

(103 kg m-3)
Melting

point
(° C)

Thermal
conductivity
(W m-1K-1)

Electrical
Resistivity
(10-8 Ω m)

W 19.25 3410 170 5.65

Mo 10.22 2610 140 5.2

Both metals are used for metallization of different microelectronic components
[14]. This is due to their relatively low resistivity and thermal expansion, its good
corrosion resistance and its high temperature stability. Tungsten is commonly used
as IC contacts, vertical connections (vias) between interconnect levels, and as
direct contacts on silicon. Molybdenum is also used as IC contacts, but also for
metallization of gates and Schottky contacts. Other applications where the metals
are used are as constituents in steel, in X-ray tubes and electron guns, and in high
temperature furnaces [15-16].

For the X-ray tube and electron gun applications, the metals are used due to their
electron emitting properties. Electron emission from the material can be generated
in different ways, for example, by heating (thermionic emission) or by applying an
electric field (field emission). Field emission from a metal occurs by tunnelling of
electrons through a potential barrier at the metal surface as a result of an applied,
relatively large electric field [17]. The potential barrier is equal to the work
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function, φ, of the metal, Fig. 2.1. The work function is defined, as the energy
required removing an electron from the Fermi level, EF, of the metal to a rest
position just outside the material, the vacuum level. In the presence of an electric
field the shape of the barrier changes and thereby the height of the barrier is
reduced, indicated by ∆φ in Fig. 2.1.

Metal Vacuum

Vacuum Level

No field

With field

EF

0-5 5 10 15 20

φ

En
er

gy

Position (Å)

∆φ

Figure 2.1. Diagram of the potential energy of electrons at the surface of a
metal [17].

The properties and geometry of the material are crucial for the emission efficiency
and usually the preferred geometry of the material is a sharp tip. General material
requirements are a high electron concentration, a high thermal conductivity, a high
hardness and the material used should be resistant to the rest gases in the high
vacuum environment. Both tungsten and molybdenum fulfil many of the
requirements, which makes them useful as field emitting materials. The tungsten
and molybdenum tips used for field emission are usually made by electrochemical
etching of a single crystalline wire. Single crystals are made by different
techniques, which usually are based on the use of a seed crystal in a temperature
gradient with a super heated fluid or a super cooled crystal. Two of the most
common techniques are the Bridgmann and the Czochralski methods [18]. The
main drawback when using a pure metal is the high probability of reactions
between the metal and the residual gases in low vacuum environment.
Consequently, coating the pure metals or the use of other materials such as carbon
and metal carbides could reduce the risk of contamination [19-21]. 
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2.2 Tungsten carbide

The group VI metal carbides are interstitial compounds, which means that the
carbon atoms are positioned in the interstices of the host metal structure. In the
case of the tungsten carbides there are at least five different known phases, as seen
in the W-C phase diagram in Fig. 2.2 [22]. However, usually only three of them are
of practical importance: W2C (labelled β in Fig. 2.2), WC1-x (γ) and WC (α). The
tungsten rich carbide phase, the hexagonal W2C, can be described as tungsten
atoms arranged in closed packed planes with half of the octahedral holes occupied
by carbon atoms. The metastable carbide, WC1-x, is a NaCl-type defect structure.
Finally, the WC phase is a hexagonal structure where the carbon atoms are placed
in interstitial positions in a trigonal prismatic arrangement of tungsten atoms. 

Figure 2.2. The W-C phase diagram [22].

The tungsten carbides (WC and W2C) have high melting points (2870 ± 50 °C)
although it is lower than the pure metal. The chemical stability, especially in acidic
environment, is better than tungsten and the hardness is much higher. It is also very
wear resistant and exhibits a low friction. The main applications for tungsten
carbide today is as a key component in cemented carbides and as wear resistant
coatings. Due to the excellent combination of a high chemical stability and a good
electrical conductivity, the interest of using the carbides for electronic applications
has increased. The interest is especially high for using the carbides as diffusion
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barriers in microelectronic devices working at high temperatures and/or in hostile
environments [23-24]. A relatively new promising material combination is the use
of nano crystalline carbides in an amorphous matrix. Composites of this kind, nano
crystalline/amorphous, could lead to a material with new and special properties
[25]. Voevodin et al. have demonstrated that composites made of 10 nm TiC
crystallites in an amorphous carbon matrix have unique mechanical properties due
to the optimum blend of hardness and thermal stability [26]. Except for TiC, other
transition metal carbides of interest for this kind of material are tungsten and
molybdenum carbide. 
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3 CVD techniques

3.1 General CVD

In chemical vapour deposition (CVD) a solid material is deposited from gaseous
reactants by chemical reactions on or in the vicinity of a heated surface [27-28].
The resulting properties of the deposited material depend on and can be controlled
by the experimental conditions. The deposition process occurs through different
reaction steps (Fig. 3.1) with the most important steps being:

1) transport of precursors to the vicinity of the substrate surface
2) transport of precursors to the substrate surface
3) adsorption of precursors on the substrate surface
4) diffusion of precursors on the substrate surface
5) chemical surface reactions
6) nucleation
7) desorption of gaseous reaction products
8) transport of the gaseous reaction products away from the reaction zone

heated substrate

2

3 4 5
6

7

1 8

Figure 3.1. Illustration of the major steps in CVD.

The rate limiting step for the deposition process may be any of the above
mentioned steps. If the deposition rate is equal to the mass input into the reactor the
process is thermodynamically controlled. If step 2 or 8 is rate-limiting the process
is transport controlled. Finally, if the deposition rate is lower than the mass input
and mass transport (step 2) it is surface kinetically controlled. Mass transport
control will dominate at low precursor partial pressures and high temperatures
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where the mass transport is slower than the surface reactions. Surface kinetics and
mass transport are the two most common and important type of controls since the
majority of CVD processes are designed to work under either of these conditions.
The advantage with surface kinetics control is the high throwing power, which is
preferred when complicated structures need to be coated. On the other hand if the
structure to be coated are planar it could be more advantageous to work under mass
transport control. This is due to the low sensitivity for temperature changes for this
control. With the CVD technique it is possible to deposit different materials such
as metals and non-metals, compounds such as carbides, nitrides and oxides [14,
28]. The materials can be deposited as thin films, powders, fibres and three-
dimensional structures. The main application area for CVD today is the production
of thin films for the electronics and the protective wear coatings industry.
However, the wide range of possibilities makes the process suitable for other
application areas as well. The advantages with CVD compared to other deposition
processes such as physical vapour deposition (PVD) are a high throwing power, a
high deposition rate, a possibility to deposit structures locally, and that it generally
does not require UHV conditions. Usually the deposition temperature in CVD has
to be higher compared to PVD and very often the vapour pressure of the precursor
has to be relatively high making it difficult to find suitable precursors for some
elements.

The chemical reactions can be activated by different methods. The most common is
thermally activated CVD (TACVD), where a hot-wall or a cold-wall reactor is
used. Another important CVD process is plasma activated CVD (PACVD). With
this process lower temperatures can be achieved but at the cost of a lower throwing
power. Laser-assisted CVD (LCVD or LACVD), where a laser is used to activate
the reactions is a third important way of activation. This type of activation was
used in this thesis. It is explained in more detail in the next section.

3.2 Laser-assisted CVD

In laser-assisted CVD (LCVD) a laser is used to thermally or photochemically
activate the CVD process [4-5]. With thermally activated deposition the
thermalisation of the laser energy is fast compared to the reactions. The laser acts,
if focused, as a localised heat source and the gaseous reactants should not absorb
the laser light, i.e., the wavelength chosen should not excite the gas phase.
However, if the photons cause dissociation or excitation of the molecules through
absorption of the laser light the process is photochemically activated. 



Microfabrication of Tungsten, Molybdenum and Tungsten Carbide Rods by Laser-Assisted CVD

- 9 -

The laser beam can be positioned parallel to or perpendicular to the substrate
surface. The parallel beam configuration is only used in photolytic LCVD where
the laser beam is absorbed partially by the gas phase. Photolytic activation allows
for low temperature deposition of thin films and is similar to plasma activated
CVD. The perpendicular laser configuration is used to deposit lines, rods and more
complicated three-dimensional structures of different materials. The work
presented in this thesis is based on thermally activated LCVD using a
perpendicular laser beam configuration. In Fig. 3.2. the principle for the
perpendicular thermal LCVD configuration is illustrated. The different reaction
steps, mentioned in section 3.1, occur only within the laser-heated zone. The term
thermal LCVD will from now be used for thermally activated LCVD with a
perpendicular laser beam.

focused 
laser beam

heated substrate

Figure 3.2. Thermal LCVD with perpendicular laser beam configuration.

The main differences between TACVD and thermal LCVD are the higher growth
rate and the smaller size of the deposition area for thermal LCVD. The higher
growth rate is due to the effective, nearly three-dimensional mass transport of the
gaseous species to the deposition zone. Since laser beams can be focused, small
areas can be heated and a typical laser beam in the visible region can be focused
down to a spot size below 1 µm in diameter. These differences have an influence
on the process, which make a direct comparison between TACVD and thermal
LCVD sometimes difficult. Theoretically, any material that can be deposited as a
thin film by conventional CVD can be deposited as lines, dots, or three-
dimensional structure by thermal LCVD. Lines are deposited by moving the
focused laser beam along the substrate surface during deposition. The shape of the
substrate can be arbitrary, i.e., planar or three-dimensional. For example, Fig. 3.3
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shows a prototype of a microsolenoid which has been fabricated by depositing a
continuos tungsten line on a boron fibre [29]. This technique is generally refereed
to as direct writing. 

Figure 3.3. Prototype of a microsolenoid, made by direct writing of a
continuos tungsten line on a boron fibre [29].

To grow rods and other three-dimensional structures the laser focus is moved away
from the substrate surface when deposition has been initiated, Fig. 3.4. The ability
to grow rods by LCVD can be used for [30]:
1) Investigating process chemistry and kinetics before depositing more complex

structures.
2) Depositing new materials under extreme physical conditions i.e. high

temperature, high-pressure or within electric or magnetic fields.
3) Fabricating single crystals with high purity from a containerless cold

atmosphere.
4) Rapid prototyping of three-dimensional structures.

Lens

Laser focus

Growing rod

Figure 3.4. Deposition of a rod by moving the substrate away from the laser
focus with the same speed as the growth rate of the material.
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To grow more complex three-dimensional structures such as springs, the laser
focus must be moved away from the substrate surface in a more complicated
manner. In this case the laser beam has to be focused at the end of a fibre, which is
offset from an axis of rotation. Once growth begins, rotation around the axis starts,
and the structure is translated slowly perpendicular to the laser beam. The
translation speed determines the pitch of the spring. By this method different sizes
and shapes of carbon springs from ethene were grown, Fig. 3.5. [29].

          

Figure 3.5. Two examples of carbon springs grown by thermal LCVD [29].

3.3 Selection of precursors 

Before the actual CVD experiment can be performed, one of the most crucial
preparation steps is the selection of the appropriate precursors. The precursor can
be a solid, liquid, or a gas at room temperature. In the case of a solid or liquid
precursor, it must be evaporated or sublimated before it is introduced into the
reaction zone. Gases on the other hand can easily be introduced directly into the
chamber via mass flow controllers. However, the general characteristics for an
appropriate precursor are that it should have a high vapour pressure, be stable at
room temperature, and have a high purity. It is also highly desirable that the
precursor and its resulting gaseous products are relatively non-toxic. Toxic
precursors and/or reaction products will make the handling and cleaning processes
much more difficult and expensive. 
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When depositing metallic tungsten and molybdenum by TACVD, different metal
halides and organometallic compounds have been used as precursors. The
dominating precursors for tungsten deposition are WF6, WCl6 and W(CO)6 [14,
28]. The most widely used precursor is WF6, using hydrogen or silane as the
reducing agent. The reason for its popularity is that WF6 has a high vapour pressure
(880 Torr at 21°C), a relatively low price and a low contamination level of the
resulting deposits. Even though tungsten and molybdenum are very similar,
molybdenum has not been investigated as rigorously as tungsten. The majority of
the reported investigations on molybdenum CVD have used MoCl5, MoF6 or
Mo(CO)6 as the metal precursor [14, 28]. Thin films of tungsten carbides have been
deposited from different precursor combinations. The most common metals
sources are WF6, WCl6 or W(CO)6. Carbon precursors have been in the form of
hydrocarbons such as trimethyl amine, propane and dimethyl ether [31-33].

The above mentioned precursors are well-established and investigated in TACVD
but this does not imply that they will work for thermal LCVD. This is due to the
difference in residence time of the molecules within the heated zone between
TACVD and LCVD, where thermal LCVD has a smaller zone and thereby a much
shorter residence time of the molecules. For longer residence times in the heated
zone homogenous reaction in the vapour might occur and adsorbable molecules
may be formed. As a consequence, the selected precursor should preferably have a
high probability for adsorption. For example, by using ethene (C2H4) instead of
methane (CH4) as carbon source in thermal LCVD the deposition temperature can
be reduced as much as 1000°C while maintaining the growth rate [34]. 

The first reported investigation on localised tungsten deposition by thermal LCVD
was as early as 1973 [35]. In this investigation a CO2 laser was used as the heat
source and WF6/H2 as the precursors. Several authors have since then successfully
deposited lines and dots of tungsten from different precursors on different
substrates [36-42]. All of the three common precursors (WF6, WCl6 and W(CO)6)
have been used, and similar to TACVD the hexafluoride is the most used precursor
for thermal LCVD as well. Very few reports can be found on thermal LCVD of
molybdenum and all of them have used Mo(CO)6 as the metal source [39, 43-44].
No investigation with MoF6 as precursor was found.

Thermal LCVD of carbides has not been investigated as extensively as the pure
metals or carbon. Titanium, boron, and silicon carbide have been deposited and the
precursors have mainly been a metal halide such as TiCl4 or BCl3 in combination
with methane or ethene [45-47]. The use of ethene instead of methane will increase
the deposition rate, as mentioned earlier in the text, which suggests that ethene is a
promising carbon source for future carbide deposition. One problem when
depositing binary compounds by thermal LCVD is the temperature gradient
induced by the laser beam. Bearing in mind that the composition of the deposited
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material in a CVD process usually depends on the temperature suggests that it may
be difficult to deposit a single phased material. For instance, titanium oxide/silicon
oxide rods with a layered structure have been grown by Jakubenas et al. [48].
Besides layering, a natural gradient with respect to phase composition from the
centre of the rods to the rim was observed for SiC/C rods deposited from
tetramethyl silane (Si(CH3)4) [49]. The SiC/C rods showed a decrease in carbon
content with increasing distance from the centre of the rod.

The results of previous TACVD and thermal LCVD works mentioned above
suggest that it would be possible to grow tungsten and molybdenum rods from their
corresponding hexafluorides. It also suggests that it would be possible to grow
tungsten carbide rods from a tungsten halide such as tungsten hexafluoride with
preferably ethene as the carbon source. 
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4 Kinetics

4.1 General kinetics

When studying kinetics it is important that the CVD or LCVD process is
kinetically controlled. This limitation usually means that the growth rate follows
the Arrhenius equation and that the activation energy for the process is high (Ea >
40 kJ mol-1) [27]. The Arrhenius equation may be expressed as:







 −

⋅= RT
Ea

eAk (1)

where k is the rate constant, A the pre-exponential factor, Ea the apparent activation
energy for the process, R the gas constant and T the temperature. Equation (1) can
be linearized in the following way:

( )RT
EaAk −= lnln . (2)

From several growth rate-temperature data pairs the apparent activation energy of
the process can be calculated. Besides the activation energy, the growth rate
dependence as a function of the partial pressure of a reactant can be determined.
The growth rate dependence is determined experimentally by measuring the
growth rate while keeping all parameters constant except the partial pressure of the
reactant of interest constant. By plotting the logarithm of the growth rate as a
function of the logarithm of the varied partial pressure the reaction order is
determined from the slope of the plot. The reaction rate dependence on the partial
pressure of the reactants is usually described as:

b
B

a
A PPKrate ⋅⋅= (3)

where a and b is the reaction order for A and B, respectively.
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4.2 Kinetics of tungsten and molybdenum CVD

The hydrogen reduction of tungsten hexafluoride is one of the most extensively
investigated CVD processes. Through the years many kinetic studies have been
reported [50-55]. The corresponding process for molybdenum has never had the
same attention and only a few reports can be found [56-58]. CVD of tungsten and
molybdenum are very similar processes since the metals are closely related and
exhibit some similar properties. The overall deposition process is given by:

MF6(g) + 3H2(g) → M(s) + 6HF(g) (M=W or Mo)

Since MF6 is a polyatomic molecule the reduction reaction will be a multi-step
process. The reported apparent activation energy for the reaction is in the range 67-
73 kJ mol-1 [50-58]. The majority of the reported studies have observed that the
growth rate is independent on the partial pressure of the hexafluoride and ½-order
with respect to the hydrogen partial pressure. Several investigations have suggested
that the origin of the ½-order dependence on the hydrogen partial pressure could be
due to the dissociative adsorption of hydrogen. Creighton has observed deviations
from this reaction order for low molar ratios of H2/WF6 and instead the rate was
first order with respect to the hydrogen partial pressure and slightly negative with
respect to the tungsten hexafluoride partial pressure [54]. No appropriate rate-
limiting step has been defined for this system.

4.3 Kinetics studies in LCVD

In a CVD process the ability to monitor and control the deposition temperature is
of great importance. This ability of monitoring and control are usually not a
problem in TACVD. However, for thermal LCVD it is generally difficult to
measure the laser-induced deposition temperature since the laser heated area is so
small. The temperature measurement problems associated with thermal LCVD
have resulted in many publications where the deposition temperature have been
calculated or the results have been presented as a function of laser power [36-37,
41-42]. A few experimental methods have been invented to measure the
temperature in situ. Examples of such methods are: i) measuring the optical
constant, ii) Raman spectroscopy, iii) thermal dilatation measurements and iv)
measurements of the intensity or the spectrum of the radiation emitted from the
laser heated surface [59]. The most promising technique seems to be the latter one
where the emitted radiation is detected by a photodiode. This technique, usually
referred to as photoelectric pyrometry, is very suitable for in situ measurements
and it is also relatively insensitive to surface properties. The main problem with
this technique is the difference in emissivity of a material when it is laser-heated
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and when it is in thermal equilibrium. Doppelbauer et al. stated that this difference
is negligible in LCVD of fibres due to the small area of emission [59].

The smaller size of the reaction zone for thermal LCVD, compared to TACVD,
will influence the process. This means that the kinetics results obtained by TACVD
may not be applicable as references for thermal LCVD. Kinetics studies of laser
grown fibres, which includes in-situ temperature measurements, have been
performed for boron [60], silicon [61], and carbon [8, 59]. The general observation
in all studies is that the activation energy agrees well with that from TACVD while
the reaction orders show some deviation. This has been attributed to several factors
such as a smaller reaction zone, higher partial pressures, and the use of a closed
system [59]. In this thesis kinetics studies on thermal LCVD of tungsten and
molybdenum rods are reported for the first time (papers I, III). However, several
studies on LCVD of tungsten dots and lines can be found [41, 62-63]. The
observed activation energy was 50-55 kJ mol-1, which is slightly lower than for
TACVD. Auvert et al. observed reaction orders deviating from TACVD depending
on the experimental condition [41]. At low temperatures and high hydrogen partial
pressures the deposition rate was ½-order with respect to the hydrogen partial
pressure, i.e., the same reaction order as in TACVD. At higher temperatures and
lower hydrogen partial pressures the rate was first order with respect to the
hydrogen partial pressure. This reaction order was possibly due to a direct reaction
between hydrogen molecules and fluorinated species on the tungsten surface. The
growth rate showed no dependence with respect to the tungsten hexafluoride partial
pressure at any temperature. 
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5 Experimental

5.1 The LCVD system

All the rods were grown in a system that consists of a cold-wall static-type reactor
with a continuous-wave Ar+-laser as the heat source, Fig. 5.1. The laser was
operated at a wavelength of 514 nm and it was focused onto the substrate by the
focusing lens. Focusing was determined by the laser speckle method, which is
based on changes in the speckle pattern [5]. The focal spot diameter was
determined to 88 µm (1/e2 decrease in intensity) by the scanning knife-edge
technique [64]. 

reaction chamber 
with sample holder

quartz windows

x-y-z stages

laser beam

focusing lens 

precursor inlet

exhaust

Figure 5.1. Schematics of the LCVD system

The deposition chamber is made of stainless steel and has connections for the inlet
of the precursor gas and for the outlet of the residual gas. The chamber was a cube
with a side length of 3 cm. It was equipped with three quartz windows, one for
entrance of the laser beam, one for inspection with a stereo microscope and one for
illumination with a halogen lamp. The gases were fed into the chamber by a gas
handling system controlled by mass flow meters. To enable motion in all three
directions the chamber was situated on a Burleigh X-Y-Z micropositioning system
having a linear accuracy better than 0.1 µm. The different experimental conditions
for the growth of tungsten (papers I, II), molybdenum (paper III) and tungsten
carbide rods (papers IV, V) are summarised in Table 5.1.
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Table 5.1: Process parameters for the LCVD experiments.
Precursors Laser power

(mW)
Tdep
(K)

Ptot
(mbar)

Substrate Paper

WF6 / H2 705-1310 760- 1050 600-900 W-wire
W-plate

I, II

MoF6 / H2 450-900 705- 840 100-900 W-wire III

WF6 / H2 / C2H4 400-800 800-1000 575-736 Ta-wire IV, V

5.2 Temperature measurements 

In this thesis the photoelectric pyrometry technique was used to measure the
temperature on the tip of the rod. The experimental set-up used in the experiments
is similar to description by Doppelbauer et al. [5, 59]. The beam-splitter and lens B
in Fig. 5.2 images the heat of radiation emitted from the growing rod through a
chopper on to a pinhole. The pinhole selects the area of the tip of the rod for
temperature measurement and the diameter of this area was 40 µm. The radiation
passing through the pinhole is transmitted through a long band pass filter with a
cut-off wavelength of 590 nm and detected by a PbS-photodiode with a detectable
wavelength range from 700 to 3000 nm. A chopper and a lock-in amplifier are used
to increase the sensitivity of the temperature measurements. The temperature range
of the pyrometer was calibrated between 715 and 2500 K by using a tungsten band
lamp. When appropriate, corrections for the difference in shape between the
calibration source and a growing rod, using the Lambert cosine law, were done to
obtain a more accurate deposition temperature.

filter

  lens
pinhole

chopper

lens B lens A

precursor inlet

laser beam

 reaction chamber 
with sample holder

x-y-z stages

microscope

exhaust

photodiode

Lock-in amplifier

beam-splitter

Figure 5.2. Schematics of temperature measurement set-up
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5.3 Thermodynamic calculations

Thermodynamic calculations were used as a tool to understand, explain and predict
some experimental results (paper I, IV). The calculations were performed by using
a free-energy minimisation technique (computer program EKIVCALC [65]). Even
though the results from the calculations are valid only for processes under
thermodynamic control, which is usually not the case for a CVD process, they can
still give information about the:

1) composition and the maximum amount of deposited material that is
theoretically possible under any given set of deposition conditions.

2) existence of gaseous species and their equilibrium partial pressure.
3) possibility of multiple reactions and the number and composition of possible

solid phases, with the inclusion of the substrate as a possible reactant.
4) likelihood of reactions between the substrate and the gaseous or solid species.

The input parameters for the calculations were the temperature, the total pressure,
the amount of the reactants, and thermodynamic data for all reactants and possible
products. The output data were the amount of condensed species, the partial
pressure of gaseous species, and thermodynamic parameters for the process such as
∆G, ∆H, and ∆S. 

5.4 Characterisation

The rods were carefully analysed by different techniques. The shape and
morphology of the rods were analysed by using a scanning electron microscope
(SEM). The chemical composition of the rods was determined with energy
dispersive spectroscopy (EDS) and with auger electron spectroscopy (AES).
Raman spectroscopy was used to determine the type of carbon in the tungsten
carbide rods. It was not possible to use the conventional X-ray diffraction
techniques used for thin films and powders due to the small sample size. Therefore,
the main analysis technique to determine the phase composition was transmission
electron microscopy (TEM). The advantage with this technique is that it is possible
to get an overview of how the phases are distributed in the rods. Due to the
relatively small size of the rods they were prepared in a special way for the TEM
analysis. First a rod was moulded in a mixture of diamond powder and glued on a
sapphire substrate. The sample was then mechanically polished and ion-milled in
the usual way before the TEM analysis began.
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5.5 Field emission measurements

The field emission characteristics of the tungsten single crystals were investigated.
The tungsten wire, which the crystal was grown on, was attached to a molybdenum
holder with a conductive carbon adhesive. The holder was mounted opposite a flat
high purity molybdenum anode, at a distance of 100 µm, in a cryo pumped vacuum
chamber with a base pressure of 3.10-7 torr. The voltage and current were
monitored at a rate of 3 Hz using a Lab VIEW interface and a Keithley 485
picoamperemeter. A current limiting resistor was included in the circuit. 
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6 Growth of rods

The scope of this thesis was to investigate the possibility to grow tungsten,
molybdenum, and tungsten carbide rods. This chapter summarises the most
important results from papers I-V. 

6.1 Tungsten rods

Single crystals and polycrystalline tungsten rods were deposited from WF6/H2 gas
mixtures of different compositions by focusing the laser beam on a polycrystalline
tungsten wire with a diameter of 150 µm (paper I). Single crystal growth was
observed at low laser powers (T=760-960 K) with growth rates between 7 and 140
µm/min. The single crystal rods had a square shaped cross-section with four
distinct surfaces and a sharp tip, Fig. 6.1. The length of the crystals was between
100 and 1000 µm and the width was approximately 135 µm, independent on the
length of the rod.

Figure 6.1. SEM-image of a single crystal tungsten rod.

TEM analysis of the single crystal showed that the preferred growth direction was
<001> with the {110} planes perpendicular to the growth direction. From this
analysis it can be concluded that each of the four distinct sides of the rod in Fig.
6.1. corresponds to a {110} plane. All single crystal rods grew in the <001>, i.e.,
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the fastest growth direction. The surface morphology of the sides was very smooth,
but at a relatively high magnification a regular wavy pattern is revealed, Fig. 6.2. 

    

Figure 6.2. SEM images of the surface of a single crystal. In a) the surface
is very smooth at a low magnification and in b) a regular pattern is
revealed (at a higher magnification).

The single crystal growth rate increased exponentially with increasing temperature.
At a H2/WF6 molar ratio of 3 for two different total pressures, 600 mbar and 900
mbar, respectively, the activation energy was determined to 77 ± 7 kJ mol-1. By
increasing the partial pressure of hydrogen to 750 mbar at a constant WF6 partial
pressure of 150 mbar (H2/WF6=5) the activation energy was decreased to 50± 5 kJ
mol-1, Fig. 6.3. The higher activation energy at a H2/WF6 molar ratio of 3 is
probably due to simultaneous etching and deposition of tungsten during the
process. This is based on the fact that tungsten hexafluoride etches metallic
tungsten [55]. The etching was minimised by increasing the H2 partial pressure to a
H2/WF6 ratio of 5 and thereby decreasing the activation energy to 50 kJ mol-1. A
similar trend was observed by Tóth et al. for the laser deposition of tungsten dots
from WF6 and H2 [63]. The thermodynamic calculations confirmed that the
formation of WF5 (g) decreased by increasing the amount of hydrogen. The H2
partial pressure dependence on the single crystal growth was investigated at two
different temperatures, 785 K and 925 K, Fig. 6.4. The growth rate increased with
increasing amount of hydrogen as expected and the reaction order was
approximately 3/2. The obtained reaction order of 3/2 is higher than the usually
observed value of 1/2 for TACVD. This difference is believed to originate from an
etching contribution at low hydrogen content. In other words, the growth rate
increases with increasing hydrogen concentration more than expected due to the
minimisation of etching with the increased hydrogen content [64]. The growth rate
showed a zeroth-order dependence with respect to the WF6 partial pressure at 785
K and at a constant H2 partial pressure of 675 mbar. 
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Figure 6.3. Arrhenius plots for single crystalline growth at a constant WF6
partial pressure of 150 mbar and a H2 partial pressure of 450 and 750
mbar, respectively.
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Figure 6.4. The H2 partial pressure dependence for the growth rate at 785
and 925 K with a constant WF6 partial pressure of 150 mbar.

By increasing the laser power the growth switched from single crystalline deposits
to polycrystalline. The transition from single crystal growth to poly crystalline
growth when increasing the temperature has also been observed for CVD of single
crystalline films of tungsten [66]. The polycrystalline rods were grown between
980 K and 1050 K with growth rates from 180 µm/min to 320 µm/min. The
polycrystalline rods have a circular cross-section and the tip is relatively blunt, Fig.
6.5. The length of the rods was varied from 500 to 2000 µm with a diameter of
approximately 135 µm, i.e., the same as for the single crystal rods. 
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Figure 6.5. SEM-image of a typical polycrystalline tungsten rod.

According to TEM analysis the polycrystalline shaped rod exhibited a
polycrystalline microstructure through out the rod. The grains were rather large,
around 10 µm, and some grains had a twin relationship. The surface of the
polycrystalline rods was relatively rough with large irregular shaped grains of
different size, Fig. 6.6 a. However, at a high magnification local well-defined
facets could be found, Fig 6.6 b.

   

Figure 6.6. SEM image of the poly crystalline surface. a) At the low
magnification large irregularly shaped grains are shown and b) at the higher
magnification the local regular facets can be seen.

The observed activation energy for the single crystal growth indicates that the
LCVD process is controlled by surface reactions. However, by increasing the
temperature and thereby switching to polycrystalline growth, the LCVD process is
instead mass transport controlled. 
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In addition to the deposition of individual rods, arrays of single crystal tungsten
rods were made (paper II). Four single crystalline shaped rods, 300 µm apart,
resulted in a 2x2 array, Fig. 6.7. In this case the H2/WF6 molar ratio was 5, with a
total pressure of 600 mbar and a laser power density of 15 kW/cm2. The
temperature was close to 900 K in all experiments. The growth rate for a rod was
60 µm/min. 

  
 

Figure 6.7. SEM-images of the 2x2 array of single crystals of tungsten. a)
and b) show a side and top view of the rods respectively.

The field emission characteristics of individual single crystals were investigated
and the measured current as a function of the electrode voltage for an untreated
tungsten single crystal is presented in Fig. 6.8. Each point in the plot is the mean
value of the current during the measurement period of 20 seconds. Only the values
taken during the voltage decrease are shown in the figure. The turn-on voltage
(defined as the voltage giving 1 nA-current) was 2 kV at an electrode distance of
100 µm. The insert shows a Fowler-Nordheim (F-N) plot indicating the field
emission origin of the current. A cathode radius of about 80 nm was calculated
from the FN-plot [67]. 
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Figure 6.8. Diode plot for an electrode distance of 100µm with the Fowler-
Nordheim plot inserted.

6.2 Molybdenum rods

Molybdenum rods were deposited from different gas mixtures of MoF6 and H2 by
focusing the laser beam on a tungsten wire substrate having a diameter of 150 µm
(paper III). The LCVD system with the temperature measurement set-up
presented in chapter 5 was used for all of the depositions. The system was modified
to avoid the possible condensation of the molybdenum hexafluoride on the walls
and windows. The modification involved heating of the inlet and exhaust tubing
with heating tapes to a temperature of 70°C. It also involved heating of the
chamber, including the windows, with a hot air gun to a temperature of 50° C. 

Crystalline rods were grown at a H2/MoF6 molar ratios of 3, 5 and 9. Fig. 6.9
shows a SEM-image of a crystal like rod grown at a ratio of 5 and at a laser power
of 600 mW. The laser induced deposition temperature was 770 K. At the higher
H2/MoF6 molar ratios, 13 and 17 and at a deposition temperature of 770 K, the rods
had a more dendritic look, Fig. 6.9 c.
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Figure 6.9. SEM–images of typical rods: a) Crystal-like rod, b) view of the
crystal-like rod from the bottom along the growth direction and c) dendrite-
like rod.

The reason for this change in morphology, from crystal to dendritic when
increasing the H2/MoF6 molar ratio, is probably due to the increased hydrogen
concentration. Hydrogen has a very high thermal conductivity and therefore a
strong cooling affect. The increased cooling induces a higher temperature
difference between the surface and the surrounding gas phase and thereby causing
the occurrence of a more dendrite-like structure [68]. The preferred growth
direction for the single crystalline tungsten rods was <001> and this could be
expected for molybdenum since they have the same crystal structure. The preferred
growth direction for a molybdenum rod has not yet been determined but by
studying the geometry of a rod, some conclusions can be made, Fig. 6.9 a-b. The
rods seem to have an octagonal cross-section shape, which originates from a
preferred growth direction of <001> or <110> [69]. The EDS analysis showed
traces of oxygen on the molybdenum rods. By AES analysis the oxygen content
was determined to be 2-3% after 30 seconds of sputtering of the molybdenum
surface.

As in the case of single crystal tungsten growth, the growth rate of the
molybdenum rods showed an exponential increase with increasing temperature at a
H2/MoF6 molar ratio of 5. The activation energy obtained from the Arrhenius plot
was approximately 77 ± 7 kJ mol-1 in the deposition temperature range 705-840 K.
The hydrogen partial pressure dependence for the growth of crystal-like rods is
shown in Fig. 6.11. The reaction order with respect to the partial pressure of
hydrogen was nearly 3. Similar to the tungsten rod growth, the reaction order with
respect the partial pressure of hydrogen was higher than in TACVD [58]. The
reason for the difference in reaction order between LCVD and CVD of
molybdenum are believed to be the same as in the tungsten case, i.e., simultaneous
etching and deposition at low hydrogen content. The molybdenum hexafluoride
partial pressure dependence showed a reaction order near zero, i.e., the deposition
rate is independent of the molybdenum hexafluoride partial pressure. This was also
observed for TACVD of molybdenum [58].
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Figure 6.10. Arrhenius plot for the growth of molybdenum rods at a
H2/MoF6 molar ratio of 5 and a total pressure of 150 mbar.
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Figure 6.11. The hydrogen dependence for the growth of crystal-like
molybdenum rods at 705 K.

The following equation summarises the kinetics in laser-assisted growth of
molybdenum rods. 
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The partial pressures, P, are in mbar and the linear growth rate, r, in µm/min,
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6.3 Tungsten carbide rods

Tungsten carbide rods were grown from a reaction gas mixture of WF6 (g), C2H4
(g) and H2 (g) by focusing the laser beam on to a tantalum wire (papers IV and V).
The ethene (C2H4) influence on the linear growth rate was investigated at 1000 K
using WF6 and H2 partial pressures of 92 mbar and 462 mbar, respectively,
corresponding to a H2/WF6 molar ratio of 5. The pressure range of C2H4 was varied
from 23 mbar to 184 mbar. The growth rate decreased with decreasing C2H4 partial
pressure as long as the molar ratio of WF6/C2H4 was lower than 1, see Fig. 6.12.
When the WF6/C2H4 ratio exceeded 1 the growth rate increased with increasing
WF6/C2H4 ratio. The Raman analysis of rods grown at three different ethene partial
pressures (46, 92, and 134 mbar) detected graphitic carbon on the surface of rods
grown at WF6/C2H4 molar ratios of 1 or lower.
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Figure 6.12. Rod growth rate at 1000 K as a function of the WF6/C2H4
partial pressure ratio.

The thermodynamic calculations for the WF6-C2H4 system at a constant H2/WF6
ratio of 5 are summarised in a CVD stability diagram, Fig. 6.13. The diagram
shows that at low temperatures and low WF6/C2H4 molar ratios the most stable
phases are WC and C. When the molar ratio of WF6/C2H4 is increased above 2, the
most probable phases formed below 477 °C are WC and W. At higher temperatures
(T> 477 °C) and at WF6/C2H4 molar ratios between 2 and 4, WC and W2C are
formed. Finally, above 477°C and above a WF6/C2H4 molar ratio of 4, W2C and W
are stable. 
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Figure 6.13. Calculated CVD stability diagram for the WF6-C2H4 system at
a constant H2/WF6 ratio of 5.

The phase composition and microstructure of rods grown at three different molar
ratios were thoroughly investigated by TEM. The experimental conditions for the
rods produced are summarised in Table 6.1. 

Table 6.1: Summary of the experimental conditions for the rods analysed by TEM.
Rod P(WF6)

(mbar)
P(C2H4)
(mbar)

P(H2)
(mbar)

T
(K)

I 92 23 462 1000

II 92 46 462 1000

III 200 200 200 800*

* Temperature not measured in-situ, but estimated from similar experiments

The partial pressure of C2H4 was lowest for rod I and highest for rod III. As a
result, the carbon content was lowest for rod I and highest for rod III. Rod I
consisted of W and W2C, whereas rod II consisted of WC1-x and WC and rod III of
WC1-x and C. The obtained phases for rod II and III were in good agreement with
the calculated CVD stability diagram in Fig. 6.13. But for rod I it was expected to
get W2C and W with W2C as the dominating phase instead of W as observed. The
increasing amount of carbon resulted in a decreased rod diameter, where rod I and
II had an approximate rod diameter of 110 µm and 65µm, respectively, Fig. 6.14.
This is an indication of higher activation energy for the process and/or a lower
thermal conductivity of the rods with increasing partial pressure of ethene [70]. 
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Figure 6.14. SEM-images of rod I, II and III.

Despite the fact that rod III was grown at a lower temperature and a lower H2/ WF6
ratio than rod I and II, it is possible to compare general trends. The two most
important general trends are the change in microstructure and phase composition
with increasing distance from the rod centre. This change is due to the temperature
gradient induced by the laser beam. The Gaussian laser beam intensity distribution
induces a temperature gradient, which means that the temperature is highest in the
centre of the rod. As a result, the particle size decreased with increasing distance
from the rod centre, Fig. 6.15.

decreasing grain size

centre of rod rim of rod

direction
of rod axis

Figure 6.15. Sketch of the decreasing grain size with increasing distance
from the centre of a rod.
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Besides the decreasing particle size, all three rods exhibited a layered structure
with respect to phase composition. Rod I had two different phase regions: a thick
core and a thin surface layer. The core was approximately 80 µm wide and
consisted mainly of W with small traces of W2C. Both W and W2C were
nanocrystalline with average grain sizes from 10 nm to 100 nm. The surface layer
was approximately 15 µm thin and consisted mainly of nanocrystalline W2C
grains, but traces of W could be detected. The overall structure of the high W/C rod
and the phase composition of the different regions are schematically described in
Fig. 6.16. 
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Figure 6.16. Summary of the overall structure and phase content for rod I.

The mechanism for the carbide formation of rod I is difficult to interpret. The
tungsten supply to the growing rod is kinetically controlled and the ethene supply
is transport controlled. This difference in control is illustrated in Fig. 6.17, where
schematic Arrhenius plots for W and W2C formation are plotted. The transport
limited processes are less temperature dependent than kinetically controlled ones.
This difference in temperature dependence can be seen in the Arrhenius plots for
the different processes; whereas the slope of the plot for the transport limited
process is decreasing less, see Fig. 6.17 between T (core) and T (rim). As a result,
the amount of the carbide phase in the core region of the rod is low due to the gas
phase transport limited flux of the carbon to the surface. However, along the rim of
the rod and at lower deposition temperatures the formation of tungsten is much
lower while the flux of carbon has changed less. 
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Figure 6.17. Schematic Arrhenius plots for W and W2C formation.

Rod II had three different phase regions: a core region, an intermediate layer and a
surface layer. The core and the intermediate layer had a total width of 55 µm and
the surface layer was about 5 µm thick. The core had a rather high porosity and it
consisted of nano-crystalline WC grains with a grain size ranging from 10 to 50
nm. The next layer, the intermediate layer, consisted of a phase mixture of
nanocrystalline grains of WC and WC1-x. The surface layer consisted of
nanocrystalline WC1-x grains with an average size of 2 nm. The overall structure of
the low W/C rod and the phase composition of the different regions are
schematically described in Fig. 6.18.
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Figure 6.18. Summary of the overall structure and phase content for rod II.

The most probable mechanism for the carbide formation for rod II is through a
simultaneous addition of metal and carbon by surface reactions. In this case both
reactions are surface controlled. 
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Rod III had two different regions: a core region and a skin region. The core region
was bamboo shoot-like with gaps of regular intervals, Fig. 6.19. The diameter of
the core region was 20 µm and the distance between each gap was between 5 and 8
µm. Further out from the core a 5-6 µm thin skin was observed. Both the core and
the skin regions consisted of turbostratic carbon, according to selected-area
electron diffraction (SAED). The a-b planes gradually changed from being parallel
to the rod axis in the outer part of the rod to become perpendicular to the rod axis
at the centre of the rod. This gradual change is shown in the inserted diffraction
patterns in Fig. 6.19.

ba shoot section

gap

skin section

5 µm

Figure 6.19. a) TEM image of a longitudinal section of rod III with inserted
diffraction patterns showing the graphite a-b planes gradual change and b)
schematics of the microstructure of rod III.

In the skin there was a larger amount of particles than in the core and there was
also a gradient within the skin with respect to the particle size. The size of the
particles in the skin area ranges from approximately 1.5 nm to around 12 nm and in
the shoot-section from 5nm to 25 nm, Fig. 6.20. Furthermore, it was found by
SAED that the particles were cubic WC1-x. The probable mechanism in this case is
the simultaneous addition of metal and carbon. In the case of rod II and III the
amount of carbon decreased with increasing distance from the centre of the rod.
This trend has been observed by others and is probably due to a more complete or
faster decomposition of the hydrocarbon at higher temperature [31].
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Figure 6.20. TEM image of skin section with the start of the core section to
the left and with the surface to the right. At the bottom right the diffraction
pattern for the WC1-x particles is inserted

As mentioned, all three rods exhibited a layered structure with a thin skin as the
outermost layer. The skin formation originates from the temperature gradient and
the lower deposition temperature at the edge of the rod. The probable reaction path
for the skin formation is illustrated in Fig. 6.21. First, the core starts to grow and
the deposition temperature is high, Fig. 6.21 a and b. Then the skin is formed due
to the lowered temperature along the rod, Fig. 6.21 c. Finally, after the laser is
turned off the skin covers the whole rod, Fig. 6.21 d. Such skin formation has also
been observed earlier by Boman et al. for LCVD of boron rods where a crystalline
boron core was covered by a thin amorphous boron skin [60]. 

a b c

core

skin

d

core

skin

Figure 6.21. Illustration of the skin formation on the rod. In a-b) the core
starts to grow, c) a skin starts to form due to the lowered temperature along
the rod, and d) the skin covers the whole rod when the laser is turned off.
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7 Concluding remarks

This thesis report, for the first time, about the possibility to grow tungsten,
molybdenum and tungsten carbide rods by thermal laser-assisted CVD. The work
has been focused on kinetics, microstructure and phase composition investigations.
In addition, the field emission characteristics of the tungsten rods were evaluated.
The major findings from the work are the following:

(i) Single crystals and polycrystalline tungsten rods were grown from a reaction
gas mixture of WF6 and H2. At low deposition temperatures single crystal growth
was observed and by increasing the temperature or the molar ratio the growth
changed to polycrystalline. The single crystal rods had a characteristic square-
shaped cross-section with a smooth surface and the preferred growth direction was
<001>. The activation energy for the single crystal growth agreed well with earlier
TACVD and LCVD investigations, while the obtained reaction order with respect
to the hydrogen partial pressure deviated. This deviation may be due to etching at
low hydrogen concentrations or a different rate-limiting step. The field emission
characteristics of the single crystal tungsten rods were investigated and the
preliminary results were promising. 

(ii) Molybdenum rods were grown from a reaction gas mixture of MoF6 and H2.
Crystalline rods with a well-defined shape were grown at low H2/MoF6 molar
ratios and at low temperatures. The molybdenum rods probably grow in the same
direction as the tungsten rods, i.e., <001>. At higher molar ratios and temperatures
the rods exhibited a dendritic shape. As in the case of tungsten the activation
energy agreed well, while the reaction order with respect to the hydrogen partial
pressure did not compared to earlier investigations of TACVD.

(iii) Tungsten carbide rods with different phase compositions were grown from
WF6, C2H4 and H2. The rods exhibited a layered structure in terms of phase
composition and microstructure as a result of the temperature gradient induced by
the laser beam. With decreasing WF6/C2H4 molar ratio the carbon content in the
rods increased and the phase composition changed from W/W2C to WC/WC1-x and
finally to WC1-x/C. 

Laser-assisted CVD is a promising technique for fabricating single crystal metal
rods for use as field emitters. The metal field emitters could be used un-coated or
in combination with a DLC or noble metal coating, for improving the emission
stability in low vacuum environments [19-21, 71]. Besides using carbon coated
metal rods as field emitters, metal carbides could be used. This fact suggests a
possible application area for the tungsten carbide rods. Another possible
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application for tungsten carbide is to use it as a metallization material for Schottky
contacts, but the commercial use is limited by the difficulty to pattern the carbide
[73]. This pattern problem could be solved by LCVD for locally deposit tungsten
carbides as lines, dots, or rods.

In addition to the field emission application the single crystals could fulfil a use as
research crystals since some of the available commercial single crystals have a
limited range of sizes and can in some cases contain a rather high amount of
impurities. However, to increase the number of future application areas the ability
to grow the single crystals in other directions is of great importance, for example
<110> and <111>. In the case of tungsten this might be possible by adding chlorine
to the WF6/H2 reaction gas mixture, since this increases the probability for <110>
growth. The added chlorine is believed to poison the growth sites for the normal
fluoride process [72]. Another possible way could be to exchange the WF6 to WCl6
since the deposits from the hexachloride usually grow in the <110> under normal
conditions. The possibility for <111> growth could probably be realised by
increasing the temperature and/or decreasing the supersaturation of the reaction
gases. 
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